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B.  Interaction  equations  expressed  in  terms  of  the  transverse  fields: 
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Summary 

Since  January  of  1998  four  progress  reports  have  been  submitted,  and  are 
enclosed  in  this  final  report: 

Progress  Report  I  Jan.  1998  -  July.  1998; 

Progress  Report  II  July.  1998  -  Dec.  1998; 

Progress  Report  III  Jan.  1999-  Jun.  1999. 

Progress  Report  IV  Aug.  1999  -  Jan.  2000. 

The  Final  Report  summarizes  in  its  first  part  the  most  recent  scientific 
achievements.  They  are  documented  in  the  listed  and  enclosed  copies  of 
publications  and  drafts  of  papers.  In  the  second  part  the  recent  academic 
activities  are  reported,  and  the  third  part  gives  an  outlook  of  planned 
activities  based  on  the  work  supported  by  this  grant. 


I.  Publications 


1.  The  paper  by  Liu  Shenggang,  Robert  J.  Barker  et  al.  "A  New  Hybrid 
Ion-Channel  Maser  Instability"  has  been  accepted  for  publication  in 
IEEE  Trans.  Plasma  Science  after  minor  revisions. 

2.  The  two-part  paper  by  Liu  Shenggang,  Robert  J.  Barker  et  al.  "Basic 
Theoretical  Formulations  on  Plasma  Microwave  Electronics"  needs  to 
be  revised.  In  particular  some  numerical  calculations  need  to  be 
checked. 

3.  The  following  papers  are  ready  for  submission  to  scientific  Journals: 

A.  Liu  Shenggang;  Robert  J.Barker  et  al.  "A  New  Kind  of  Waves 
Propagating  Along  Magnetized  Plasma  Waveguide” 

B.  Liu  Shenggang;  Robert  J.Barker  et  al.  "Electromagnetic  Wave 
Pumped  Ion-Channel  Free  Electron  Laser". 

4.  The  following  new  papers  have  been  drafted: 

A.  Liu  Shenggang;  Robert  J.Barker  et  al.  "Dispersion  Characteristics  of 
PASOTRON  slow  wave  structure  with  ion-channel  taken  into 
account"; 

B.  Liu  Shenggang;  Robert  J.Barker  et  al.  "A  New  Kind  of  Electron 
Beam-Wave  Interactions  in  Magnetized  Plasma  Waveguide", 

C.  Liu  Shenggang;  Robert  J.Barker  et  al.  "Linearized  Field  Theory  of 
Electron  Beam-Wave  Interactions  in  Magnetized  Plasma 
Waveguide", 

D.  Liu  Shenggang;  Robert  J.Barker  et  al.  "Theoretical  and  Experimental 
Study  of  PASOTRON", 

E.  Liu  Shenggang;  Robert  J.Barker  et  al.  "Theory  of  Ion-Channel 
Formulations  in  Plasma  by  Electron  Beam". 

5.  Revisions  are  made  and  computer  calculations  are  carried  out  for  the 
following  papers: 

A.  Liu  Shenggang;  Robert  J.Barker  et  al.  "Basic  Theoretical 
Formulations  on  Plasma  Microwave  Electronics",  Part  I  and  Part  II; 

B.  Liu  Shenggang;  Robert  J.Barker  and  Dennis  M.  Manos  "Theoretical 
Study  of  the  Waveguide  and  Resonator  for  Plasma  Microwave 
Excited  Eximer  Laser", 


II.  Academic  Activities 


1.  The  final  review  of  the  proposal  on  "Basic  Research  on  Elecromagnetic 
Field  Effects  on  Biological  Cell/Cells  and  their  Applications"  by  Liu 
Shenggang  et  al.  in  the  program  "Fundamental  Research  Project"  was 
held  on  Dec.7th  1999.  Prof.  Liu  was  successful  in  obtaining  a  grant  over 
4  Million  Chinese  Yuan  against  strong  competition.  He  plans  to  use  this 
money  to  establish  the  "International  Research  Lab"  according  to  the 
agreement  signed  by  him  and  the  Dean  of  College  of  Engineering  and 
technology  at  Old  Dominion  University,  Dr.  Swart. 

2.  Prof.  Kristiansen  of  Texas  Technical  University  was  invited  to  visit 
UESTC  and  to  present  several  lectures. 

3.  Mr.  Bookbander,  the  officer  in  charge  of  literature  and  education  at  the 
United  States  General  Consulate  in  Chengdu,  was  invited  to  visit 
UESTC  and  present  a  lecture.  His  lecture  was  very  well  received  and 
was  excellent  for  the  students,  both  undergraduate  and  graduate  students. 

4.  Prof.  Liu  was  attending  the  Sino-Hong  Kong  Seminar  on  "The  Tendency 
of  the  Development  of  Electronic  and  Information  Science  and 
Technology  in  the  21.  Century",  Hong  Kong  University,  Dec.  1-3,  1999. 
He  was  invited  to  present  a  talk  on  "Electromagnetic  Wave  Pumped  Ion- 
Channel  Free  Electron  Laser"  This  paper  had  been  presented  at  the  24lh 
International  Conference  on  IRMMW  in  Monterey,  CA,  USA, 
September  1999. 


III.  Preparatory  Work  on  the  25th  Intern.  Conference  on  IRMMW 

to  be  held  in  Beijing,  China,  Sept.  12-16,  2000.  This  International 
Conference  will  be  held  jointly  with  the  2nd  Pacific-Asian  Conference 
on  Microwave  and  Millimeter  Waves.  Prof.  Liu  is  the  Conference 
Chairman  for  these  two  conferences.  He  is  in  the  process  of: 

A.  trying  to  obtain  the  sponsorship  by  IEEE.  The  2nd  Pacific-Asian 
Conference  is  sponsored  by  IEEE,  but  the  25th  conference  not. 

B.  organizing  the  committees  for  both  conferences; 

C.  organizing  the  Plenary  Talks  and  Invited  Talks  for  both 
conferences; 

D.  preparing  the  final  call  for  papers  for  both  conferences. 

IV.  Proposed  Research  Work  for  the  Period  from  January  2000  to 
December  2001 

1.  Almost  all  the  material  published  in  Russian  in  the  Plasma  Microwave 
Electronics  area  has  been  collected.  This  material  is  very  valuable,  since  it 
provides  information  on  what  has  been  done  and  how  it  has  been  done  in 
Russia.  From  this  literature  it  can  be  concluded  that  the  work  carried  on  by 
Prof.  Liu  and  coworkers  on  the  "Electron  Beam-Wave  Interactions  in 
Magnetized  Plasma  Waveguide"  is  very  important.  All  research  done  in 
Russia  was  based  on  the  approximation  of  "the  external  magnetic  field  is 
infinitely  high  or  equals  to  zero".  Therefore  the  work  of  Prof.  Liu  and 
coworkers  is  really  valuable  and  creative;  but  still  much  work  needs  to  be 
done. 

2.  A  number  of  the  manuscripts  written  in  the  previous  grant  period  should 
be  completed  using  computer  calculations.  In  order  to  accelerate  the 
calculation  work  and  obtain  the  results  as  soon  as  possible,  two  young 
scientists  who  are  familiar  with  this  work,  will  be  invited  as  Visiting 
Scholars  to  join  the  group  of  Prof.  Liu,  here  in  the  United  States.  They  will 
focus  on  computer  calculations  required  to  complete  the  manuscripts  that 
have  been  drafted  so  far. 

The  proposed  work  will  broaden  and  deepen  the  knowledge  in  "Plasma 
Microwave  Electronics",  a  special  area  of  science  and  technology. 
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Since  Jan.  1998  I  have  presented  three  progress  reports  for  the  following 
periods  of  time: 

Progress  Report  I,  Jan.  1998 — July.  1998; 

Progress  Report  II,  July.  1998 — Dec.  1998; 

Progress  Report  III,  Jan.  1999— Jun.  1999. 

A  final  report  should  be  presented  in  March  2000  as  required. 
Therefore,  this  Progress  Report  will  be  the  Summary  of  the  final  report  for 
the  time  period  from  Jun.  1999  to  Sept.  1999  only  about  two  months.  I  am 
very  pleased  that  a  lot  of  significant  achievements  have  been  obtained.  In 
this  report  I  would  like  to  include  only  the  Academic  achievements,  mainly 
papers,  and  some  recent  important  academic  activities.  Others  will  be  given 
in  the  Final  Report. 

I. Papers: 

A.  The  following  papers  have  been  submitted  for  publication: 

( 1 ) . "Electromagnetic  Characteristics  of  a  Spherical  Biological  Cell”, 

By  Liu  Shenggang;  Robert  J.  Barker;  Karl  H.Schoenbach;  et  al. 

(2) . "Basic  Theoretical  Formulations  on  Plasma  Microwave  Electronics”, 
Part  A. 

By  Liu  Shenggang;  Robert  J.  Barker,  et  al. 

(3) . "Basic  Theoretical  Formulations  on  Plasma  Microwave  Electronics”, 
Part  B. 

By  Liu  Shenggang;  Robert  J.  Barker  et  al. 

(4) . "A  New  Hybrid  Ion-Channel  Maser  Instability”, 

By  Liu  Shenggang;  Robert  J.  Barker  et  al. 

(5) .”A  New  Kind  of  Waves  Propagating  Along  Magnetized  Plasma 
Waveguide”, 


By  Liu  Shenggang;  Robert  J. Barker;  et  al. 

(5).”Electromagnetic  Wave  Pumped  Ion-channel  Free  Electron  Laser”, 

By  Liu  Shenggang;  Robert  J. Barker;  et  al. 

B.  The  following  papers  have  been  presented  at  conferences: 

(1) .  “Electromagnetic  Characteristics  of  A  Spherical  Biological  Cell”, 

By  Liu  Shenggang;  Robert  J.  Barker;  Karl  H.Schoenbach.  et.al. 
Accepted  for  presentation  at  98  FEL  International  Conference, 
Jefferson  National  Lab,  New  Port  News,  USA,  Sept.  1998, 

(2) .  “A  New  Hybrid  Ion-Channel  Maser  Instability”, 

By  Liu  Shenggang;  Robert  J.  Barker,  et  al.  presented  at  the  23rd 
International  Conference  on  IRMMW,  Essex 
University,  UK,  Sept.  1998, 

(3) .  “Basic  Theoretical  Formulations  on  Plasma  Microwave  Electronics”, 
By  Liu  Shenggang;  Robert  J.  Barker,  et.al. 

Invited  talk.  Presented  at  PERSE,  Hong  Kong,  Feb.  1998, 

Invited  talk  at  4th  International  Conference  on  FIRMMW,  Beijing, 
Aug. 1998. 

(4) .”Electromagnetic  Wave  Pumped  Ion-channel  Free  Electron  Laser”, 

By  Liu  Shenggang;  Robert  J.  Barker,  et  al. 

Accepted  to  present  at  4th  Pacific  Asian  FEL  Conference,  Korea, 

Jun.  1999. 

(5) . ’’Electromagnetic  Wave  Pumped  Ion-Channel  Free  Electron  Laser”, 
to  be  presented  at  24th  International  Conference  on  IRMMW, 
Monterey,  USA,  Sept.  1999, 

(6) .”A  New  Kind  of  Waves  Propagating  Along  Magnetized  Plasma 
Waveguide”, 

By  Liu  Shenggang;  Robert  J.  Barker;  et  al. 
to  be  presented  at  24th  International  Conference  on 
IRMMW,  Monterey,  USA,  Sept.  1999, 

(8).  “Basic  Theoretical  Formulations  on  Plasma  Microwave  Electronics” 
Part  A  and  Part  B,  part  of  these  papers  will  be  involved  in  the  Plenary 
Talk,  “An  Examination  of  Plasma  Microwave  Electronics”,  at  24th 
International  Conference  on  IRMMW,  By  Dr.  Robert  J.  Barker. 
Monterey,  CA  USA,  Sept.5-10,1999. 

C.  Drafts  of  Papers: 

The  following  drafts  of  papers  have  been  worked  out: 

(l).’Theoretical  Study  on  Micro-Hollow  Cathode  Discharge”,  By  Liu 


Shenggang;  Karl  H.  Schoenbach;  Robert  J.Barker;  et  al. 

(2) .”  Theory  of  Wave  Propagation  of  Plasma  Filled  Helix  and  Helical 

Waveguide”,  By  Liu  Shenggang;  Robert  J.  Barker;  et  al. 

(3) .”  Nonlinear  Theory  of  Plasma  Filled  Gyromonotron”,  By  Liu 

Shenggang;  Robert  J.  Barker;  et  al. 

(4) ."Theory  of  Waveguide  System  for  Microwave  Plasma  Excited 

Excimer  Laser”, 

(5) . ’’Theory  of  Waveguide  Cavity  for  Microwave  Plasma  Excited 
Excimer  Laser”, 

(6) .”Theory  of  Electromagnetic  Pumped  Free  Electron  Laser  in  a 
Cylindrical  Waveguide”,  By  Liu  Shenggang;  Robert  J.  Barkert;  et  al. 

(7) .”Theoretical  Study  on  Ion-Channel  RWO-FEL”,  By  Liu  Shenggang; 
Robert  J.  Barker;  et  al. 

(8) .”General  Theory  of  Ion-Channel  Free  Electron  Laser”,  By  Liu 
Shenggang;  Robert  J.  Barker;  et  al. 

II.  Recent  Academic  Activities: 

The  following  recent  academic  activities  are  very  important: 

( 1  ).Signed  an  Agreement  with  the  Dean  of  Engineering  College  of  ODU, 
Prof.  S  Swart,  for  establishment  of  the  International  Research 
Cooperative  Laboratories  between  ODU  and  UESTC; 

(2) . Attending  the  First  International  Symposium  on  “Nonthermal 
Medical/Biological  Treatment  Using  Electromagnetic  Fields  and 
Ionized  Gases”,  held  in  Norfolk,  US,  April,  1999; 

(3) .  Attending  the  24th  International  Conference  on  IRMMW,  to  be  held 
in  Monterey,  CA  US,  Sept.5-7,  1999, 

(4) ,  Attending  the  5th  Workshop  on  ECH  Transmimtion  Lines,  to  be  held 
in  Monterey,  CA,  US,  Sept.  1-3,  1999, 

(5) .  Joining  the  work  of  the  K.J. Button  Prize  Committee  (I  am  the 
member  of  the  committee), 

(6) .  Joining  the  work  of  International  FEL  Prize  Committee  (I  am  the 
member  of  the  committee), 

(7) .The  Preparatory  Work  on  the  25th  International  Conference  on 
IRMMW,  to  be  held  in  Beijing,  P.R.China,  (I  am  honored  to  be  the 
Conference  Chairman), 

(8) .  The  work  on  the  Application  of  the  National  Key  Project  of  the 
Fundamental  Research,  supported  by  the  State  Ministry  of  P.R.C. 

We  have  passed  the  first  two  debat  and  will  take  the  Semi-Final  debat 
This  work  if  also  of  significant,  and  get  the  support  from  Dr.  Robert 


J. Barker,  Prof .  Karl  H.  Schoenbach  and  Prof.  Dennis  Manos.  It  is  a 
big  grant,  each  item  will  get  tens  million  Chinese  Yuan.  So,  the 
competition  is  very  strong,  We  are  making  efforts  to  apply  one  item 
on  “Fundamental  Research  on  the  Mechanism  and  Applications  of 
Electromagnetic  Effects  on  Biological  Cell/Cells”. 

At  the  end  of  the  report,  I  would  like  to  take  the  opportunity  to  extend 
my  sincere  appreciation  to  Dr.  Robert  J.  Barker,  Prof.  Karl  H.  Schoenbach 
and  Prof.  Dennis  Manos  for  their  kind  and  warm  support,  help  and 
cooperation.  My  sincere  thanks  should  also  be  given  to  all  the  people  who 
give  me  kind  help  and  support. 


Progress  Report  III 


(Jan.  1999 — June  1999  ) 


Professor  Liu  Shenggang 
Fellow  IEEE 


Department  of  Applied  Science 
The  College  of  William  and  Mary 


Progress  Report  III 

(Jan.  1999— Jun.  1999  ) 

Professor  Liu  Shenggang 

Fellow  IEEE 

Department  of  Applied  Science 
The  College  of  William  and  Mary 


The  research  work  and  the  related  activities  carried  on  during  this  period  of  time 
(Jar  1999 — Jun.  1999)  are  reported  here. 

I.  Research  and  Academic  Work 

A.  Papers 

1 .  The  following  manuscripts  of  the  papers  have  been  finished  and  submitted  to  the 
24lh  International  Conference  on  IRMMW  to  be  held  in  Monterey,  CA,  USA,  Sept. 
1999. 

( 1 ) .  Basic  Theoretical  Formulations  of  Microwave  Plasma  Electronics,  PartA,  and 
Part  B. 

Liu,  Shenggang,  Robert  J.  Barker,  etc. 

(2) .  Theory  of  Electromagnetic  Wave  Pumped  Ion-Channel  Free  Electron  Laser. 

Liu  Shenggang,  Robert  J. Barker,  Gao  Hong  etc. 

(3) .  A  New  Kind  of  Waves  Propagating  Along  Magnetized  Plasma  Waveguide 
Liu  Shenggang,  Robert  J.  Barker,  Yan  Yang  etc. 

The  First  one  is  for  an  invited  talk,  the  speaker  is  Dr.  Robert  J.  Barker;  and  the  rest 
two  are  for  contributed  papers,  the  speaker  is  Liu  Shenggang. 


2.  The  manuscripts  of  the  following  papers  have  been  submitted  for  publication: 


'^f\ 


(1) .  Basic  Theoretical  Formulations  of  Microwave  Plasma  Electronics,  Part  A, 

(2) .  Basic  Theoretical  Formulations  of  Microwave  Plasma  Electronics,  Part  B.; 

(3) .  Electromagnetic  Wave  Pumped  Ion-Channel  Free  Electron  Laser, 

(4) .  A  New  Kind  of  Waves  Propagating  Along  magnetized  Plasma  waveguide, 

(5) .  Electromagnetic  Characteristics  of  A  spherical  Biological  Cell. 

Liu  Shenggang;  Robert  J.  Barker;  Karl  H.  Schoenbach,  etc. 

All  the  drafts  of  the  above  papers  have  been  carefully  revised. 

3.  The  following  drafts  of  new  papers  have  been  worked  out: 

(1) .  Theory  of  Rectangular  Magnetized  Plasma  Filled  Waveguide, 

Liu  Shenggang;  Robert  J.  Barker,  etc 

(2) .  Theoretical  Study  of  Waveguide  System  For  Microwave  Plasma  Excited  Excimer 
Laser 

Liu  Shenggang;  Robert  J.  Barker;  Dennis  Manos  etc. 

(3) .  Theory  of  Electromagnetic  Pumped  FEL  in  A  Cylindrical  Magnetized  Plasma 
Waveguide,  Part  A. 

Liu  Shenggang;  Robert  J.  Barker,  etc 

4  A  new  cooperation  project,  “  Microwave  Plasma  Excited  Excimer  Laser”  with  Prof. 
Dennis  xManos  in  CWM  started.  It  is  a  very  important  new  area,  and  it  may  create  a 
new  area  of  Microwave  Plasma  Electronics. 

Attending  the  "First  International  Symposium  on  Nonthermal  Medical/Biological 
Treatment  Using  Electromagnetic  Fields  and  Ionized  Gases“(ElectroMed’99),  April 
1  l,h-  14th,  1999,  Norfolk,  VA.  I  was  honored  to  serve  as  the  co-chairman,  the 
member  of  Program  Committee  and  the  member  of  Panel.  I  also  chaired  two 
sessions  of  the  symposium. 

I  will  also  serve  for  the  Special  Issue  of  IEEE  Trans.  PL,  as  one  of  the  Editors.  The 
Symposium  was  initiated  by  Dr.  Robert  J.  Barker,  Prof.  Karl  H.  Schoenbach  and  myself. 
The  Symposium  was  very  very  successful  indeed.  Most  organizing  and  preparatory  works 
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were  carried  on  by  Prof.  Karl  H.  Schoenbach  and  Dr.  Robert  J.  Barker. 

6.  Meeting  with  Dr.  Robert  J.  Barker, 

Taking  the  opportunity  of  attending  the  symposium,  I  have  had  a  very  nice  and  efficient 
meeting  with  Dr.  Robert  J.  Barker  in  April  13th,  afternoon.  The  following  items  were 
discussed: 

(1)  Submitting  papers  for  publication. 

We  agreed  that  since  we  have  obtained  a  lot  of  achievements  of  our  cooperation,  a 
number  of  papers  have  been  finished,  it  is  the  time  now  to  submit  them  for  publication, 

(2)  Th  new  drafts  of  papers 

(3)  The  revising  work  of  these  drafts  of  our  new  papers. 

(4)  The  organizing  work  of  the  25th  International  Conference  on  IRMMW  to  be  held  in 
Cina  in  the  year  2000.  I  am  honored  to  be  the  conference  chairman,  and  Dr,  Robert  J. 
Barker  is  the  standing  member  of  the  International  Committee  of  the  conference  and 
also  will  be  invited  to  serve  as  a  member  of  program  committee.  So,  I  expect  and  I  am 
sure  that  I  can  get  strong  support  and  help  from  Dr.  Robert  J.  Barker.  I  cordially  invited 
Dr.  Barker  to  attend  the  preparatory  meeting  to  be  held  in  Aug,  1999.  Dr.  Robert  J. 
Barker  accepted  the  invitation  with  pleasure. 

(5)  .  A  new  area  of  Microwave  Plasma  Electronics. 

I  have  transferred  from  ODU  to  CWM  since  last  Dec.  Prof.  Dennis  Manos  invited 
me  to  join  the  project  of  Microwave  Plasma  Excited  Excimer  Laser.  I  have  found  that 
it  is  a  very  important  new  area  with  very  bright  perspectives.  And  after  discussion  we 
agreed  that  the  research  work  in  this  project  may  create  a  new  area  of  Microwave 
Plasma  Electronics. 

(6)  Since  we  have  obtained  a  lot  of  achievements,  and  we  will  get  more.  I  would  like 
to  suggest  that  it  is  natural,  on  the  basis  of  our  work,  to  write  a  book  (Monograph 
book).  We  will  discuss  this  in  more  detail  later 
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II.  Organizing  and  Preparatory  work  on  25th  International  Conference  on 
IRMMW 

The  25th  International  Conference  on  IRMMW,  together  with  the  5th  International 
Conference  on  FTRMMW  will  be  held  in  China  in  the  year  2000,  and  will  be  followed  by 
the  Asian-Pacific  MMW  Conference.  I  am  honored  to  be  the  conference  chairman  of  all 
these  conferences.  So  it  is  a  very  hard  job.  A  preparatory  committee  has  been  organized 
and  we  have  had  meeting  twice.  The  third  meeting  will  be  held  in  May.  A  lot  of 
preparatory  work  has  been  carried  out. 

(1) .  Successfully  getting  the  universities  in  Hong  Kong  to  be  involved  in.  In  March,  I 
was  invited  to  pay  a  visit  to  Hong  Kong,  I  met  the  President  and  vice  president  of  the  City 
University  of  Hong  Kong  and  the  Head  of  the  Department  of  ECE  of  Hong  Kong 
University.  I  am  very  pleased  that  all  of  them  give  me  very  strong  support  and  are 
willing  to  be  involved  in  the  preparatory  work  of  the  conference. 

(2) .  I  also  get  the  strong  support  from  the  CIE  (Chinese  Institute  of  Electronics,  I  am 
the  vice  president  of  CDE).  Most  administrative  preparatory  work  will  be  carried  on  by 
CIE. 

(3) .  The  change  of  the  conference  location. 

Because  the  Southeast  University  is  going  to  hold  another  International 
Conference,  the  president  of  the  university  does  not  want  to  hold  the  25th  IRMMW 
conference.  After  detailed  discussion,  a  preliminary  decision  has  been  made  that  the  25lh 
IRMMW,  together  with  the  5th  FIRMMW  conference  will  be  held  in  Beijing.  The  final 
decision  will  be  made  at  the  committee  meeting  in  May. 

(4) .  Next  we  should  start  the  organization  of  committees  of  the  conferences. 
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In  all  these  works,  I  expect  and  I  am  sure  that  I  will  get  very  strong  support  and  help 
from  Dr.  Robert  J.  Barker.  I  will  do  my  best  to  make  the  conference  a  real  successful 
one. 

III.  Seminar  at  Old  Dominion  University 

I  have  prepared  three  topics  for  the  seminar  that  I  am  required  to  give  at  ODU: 

(1) . Brief  Introduction  to  UESTC, 

(2) .  Research  Activities  in  the  Research  Institute  of  High  Energy  Electronics, 
UESTC. 

(3) .  Higher  Education  in  China. 

It  seems  that  the  last  one  is  most  interesting  for  ODU.  I  presented  the  seminar  at 
ODU,  March  26th  afternoon.  Totally,  there  were  more  than  80  audience,  graduate 
students  and  some  faculty  members.  There  were  a  number  of  audience  asking  questions 
after  my  talk.  It  seems  that  the  seminar  was  very  successful. 

IV.  Work  on  the  Second  Application  of  the  “Key  National  Project  on  Basioc 
Research  of  Science  and  Technology” 

Last  year  I  organized  a  team  to  apply  the  project  on  “  Basic  Research  on 
Electromagnetic  Fields/Waves  Effects  on  Biological  Cell/Cells  and  Their  Applications  . 
Unfortunately,  we  did  not  succeed.  This  year  we  decided  to  try  again  with  strong 
confidence.  Dr.  Robert  J.  Barker  and  Prof.  Karl  H.  Schoenbach  and  Prof.  Denis  Manos 
give  us  very  strong  support.  And  I  am  very  pleased  to  say  that  the  “First  Symposium  on 
Nonthermal  Medical/Biological  Treatment  Using  Electromagnetic  Field  and  Ionized 
Gases"  may  bring  very  strong  influences  on  our  application.  Besides,  I  have  reorganized 
our  team,  and  make  it  stronger.  However,  the  competition  is  also  very  very  strong! 

It  seems  that  I  always  have  very  heavy  load.  I  will  do  my  best. 

At  the  end  of  the  report,  I  would  like  to  extend  my  sincere  appreciation  to  Dr. 
Robert  J.  Barker,  Prof.  Karl  H.  Schoenbach  and  Prof.  Denis  Manos  for  their  kind  and 
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warm  support,  help  and  cooperation.  My  sincere  thanks  should  also  be  given  to  all  the 
people  who  give  us  kind  help  and  support.  I  and  my  wife,  Mrs.  Jiang  Chenqi,  are  really 

enjoyed  very  much  indeed  the  work  and  staying  here  in  USA. 
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Progress  Report  II 

(July  1998 — December  1998  ) 

Professor  Liu  Shenggang 
Fellow  IEEE 

Department  of  Electric  and  Computer  Engineerin 
Old  Dominion  University  (ODU) 


Progress  Report  II 

(July  1998 — December  1998  ) 

Professor  Liu  Shenggang 

Fellow  EEEE 

Department  of  Electric  and  computer  Engineering 
Old  Dominion  University  (ODU) 


A  lot  of  significant  achievement  have  been  obtained  during  this  period  of  time. 

The  research  work  and  related  activities  done  during  the  time  period  of  July  1998  through 
December  1998  are  reported  in  the  report. 

I.  Academic  work 
A.  Papers 

1.  The  following  papers  have  been  revised: 

<  1 ).  Basic  theoretical  formulations  of  microwave  plasma  electronics.  Part  A, 

(2) .  Basic  theoretical  formulations  of  microwave  plasma  electronics,  Part  B, 

The  onginal  four-part  paper  has  been  revised  into  two-part  paper.  Now  it  becomes  the 
final  draft  of  a  new  two-part  paper. 

(3) .  A  new  hybrid  ion-channel  maser  instability, 

The  final  draft  of  the  paper. 

(4) .  Basic  Theory  of  Micro-hollow  Cathode  Discharge, 

Start  the  numerical  calculations. 

2.  Drafts  of  new  papers: 

(4) .  A  new  kind  of  waves  in  a  waveguide  filled  with  magnetized  plasma.  The  draft  for 
final  revising. 

(5) .  Wave  propagation  along  a  plasma  helix  and  a  helical  waveguide  filled  with 
plasma( first  draft). 
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(6) .  Nonlinear  theory  of  Gyromonotron  filled  with  plasma(first  draft). 

(7) .  Theory  of  Electromagnetic  wave  pumped  Free  Electron  Laserffirst  draft). 

All  the  above  works  are  carried  on  in  cooperation  with  Dr.  Robert  J.  Barker. 

B.  Meeting  and  Discussion  with  Dr.  Robert  J.  Barker. 

Taking  the  opportunity  of  Dr.  R.J.Barker&rsquos  visit  to  ODU,  we  have  two  time 
meeting  and  discussion  on  our  scientific  cooperation,  to  revise  our  papers,  to  exchange 
our  new  ideas  on  our  field  and  to  discuss  the  drafts  of  our  new  drafts.  It  is  very 
productive.  I  enjoyed  very  much  all  these  meetings  and  discussions. 

C.  Preparatory  work  on  thelst  International  Symposium  on  NONTHERMAL 
MEDICAL/BIOLOGICAL  TREATMENTS  USING  ELECTROMAGNETIC  FIELDS 
AND  IONIZED  GASES  (  co-chairman), 

1 .  Join  the  preparatory  work  directed  by  Prof.  Karl  H.  Schoenbach  and  Dr.  Robert  J. 
Barker. 

2.  Organizing  papers  and  attendees  from  China. 

3.  Guest  Editor  for  microwave  effects 

D.  Preparatory  work  on  the  “25th  International  Conference  on  IRMM 

Waves”  to  be  held  in  China  in  the  year  2000. 1  am  honored  to  be  the  conference 
chairman. 

1.  Organizing  the  committees, 

2.  Discussion  with  Chinese  colleagues  about  the  location  of  the  conference, 

3.  Discussion  with  the  scientists  in  all  over  the  world  on  the  nomination  of  plenary  talks 
and  invited  talks, 

4.  Others. 

I  will  do  my  best  to  make  this  conference  a  successful  and  fruitful  one. 


II.  Organizing  and  heading  the  joint  delegation  of  UESTC  and  TCL  to  visit  USA. 

UESTC  (University  of  Electronic  Science  and  Technology  of  China)  is  one  of  the  key 
universities  in  China  and  TCL  Holdings  Co.,  Ltd.  is  the  third  largest  company  in 
electronic  industry  in  China.  We  have  invited  to  visit  three  universities  (Stanford,  ODU 
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and  New  York  Polytech),  one  National  lab(Jefferson  Lab)  and  11  companies(Intel, 
Cardence,  Synopsis,  Laucent  etc).  This  visit  was  very  successful,  it  greatly  promote  the 
metual  understanding  and  friendship  between  China  and  US.  As  a  results,  I  have  signed 
an  agreement  with  the  president  of  ODU,  Prof.  Koch,  and  an  agreement  with  the  New 
York  Polytech  Univ.  has  also  prepared  and  will  be  signed  soon. 

III.  Lectures  to  be  given  at  Old  Dominion  University 

Three  lectures  have  been  prepared  for  giving  at  ODU: 

L  The  research  Activities  in  the  Research  Institute  of  High  Energy  Electronics  in 
UESTC. 

2.  Introduction  to  the  Higher  Education  Structure  in  China, 

3.  Introduction  to  the  UESTC. 

IV.  Transfer  from  Old  Dominion  University  to  College  of  William  &  Merry 

I  have  very  smoothly  transferred  from  the  Old  Dominion  University  to  the  College  of 
William  &  Mary.  Both  the  ODU  and  CWM  are  warmly  welcome  me  and  very  kind  and 
friend  to  me. 

V.  The  consultant  work  on  the  Millimeter  Wave  systems  for  Old  Dominion 
University 

The  lab  of  Prof.  Karl  H.  Schoenbach  of  ODU  wants  to  establish  MM  wave  systems  for 
research  work,  I  have  given  consultant. 

VI.  Work  on  the  application  of  the  Fundamental  Research  Project  of  China  on 
&ldquo  Basic  Research  on  the  Effects  of  Electromagnetic  Field  on  Bilogical 
Ceil/Cells&rdquo. 

1.  Organizing  the  application  team,  5  institutions  are  involved:  University  of  Electronic 
Science  and  Technology  of  China;  Research  Institute  of  Electronics  of  Chinese  Academy 
of  Sciences(CAS);  Research  Institute  of  Biophysics  of  CAS;  Southwest  China  Medical 
University;  Sichuan  Agriculture  University  and  Fudan  University. 


4 


2.  Preparatory  meeting. 

I  have  organized  four  meetings  to  discuss  the  draft  of  our  report. 

3.  Drafting  the  application  report. 

A  80  pages  report  (in  Chinese)  has  been  worked  out  and  has  been  put  forward  to  the  State 
Ministry  of  Science  and  Technology  (SMST) . 

According  to  the  project,  there  are  40  items,  and  15  of  them  have  been  determined  last 
year.  Unfortunately  we  failed.  Now  we  are  going  to  try  again.  I  have  visited  the 
authority  of  State  Ministry  of  Science  and  Technology,  he  promised  to  give  us  support. 
Since  the  grant  is  very  big  (60  Million  Yuan  per  item),  the  competition  is  very  strong. 
During  the  procedure  of  our  application,  I  got  very  strong  support  and  encourage  from  Dr. 
Robert  J.  Barker  and  Prof.  Karl  H.  Schoenbach.  It  seems  that  their  supports  are  very 
important  and  effective. 

Appendix: 

I.  The  abstracts  of  papers(  here  the  abstracts  of  the  final  drafts  are  given): 

1.  Basic  theoretical  formulations  of  microwave  electronics.  Part  A, 

2.  Basic  theoretical  formulations  of  microwave  electronics.  Part  B, 

3.  A  new  hybrid  ion-channel  maser  instability, 

4.  A  new  kind  of  waves  in  magnetized  plasma  waveguide. 

II.  Cooperative  Agreement  between  University  of  Electronic  Science  and 
Technology  of  China  and  Old  Dominion  University 

III.  The  consultant  material  of  MM  Wave  systems  for  Old  Dominion  University 

Appendix  1.1 

Basic  theoretical  formulations  of  plasma  microwave  electronics 
Part  A.  General  theoretical  formulations  of  electron  beam-wave 
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Interactions  in  magnetized  plasma  waveguide 


Liu  Shenggang,  Fellow  IEEE;  R.J.Barker  ,  Fellow  IEEE,et.  al. 

Abstract.  Basic  theoretical  formulations  for  electron  beam-wave  interactions  in  a  plasma- 
filled  waveguide  immersed  in  a  finite  magnetic  field  are  presented  in  this  two-part  paper. 
The  general  interaction  and  dispersion  equations  of  the  longitudinal  and  transverse 
interactions  in  both  ammoth  and  corrugated  magnetized  plasma-filled  waveguides  are 
formulated.  The  resultant  equation  are  then  applied  to  examine  the  specifics  of  plasma 
Cherenkov  radiation,  plasma-filled  travelling-wave-tube/backward-wave-oscillator 
(TWT/BWO),  the  plasma-filled  electron  cyclotron  resonance  maser  (ECRM)  and  many 
types  of  beam-wave  interactions  including  those  involving  ion-channels.  Some  possible 
new  interactions  in  magnetized  plasma  filled  waveguide  that  do  not  appear  in  previously 
published  papers  are  proposed.  A  detailed  discussion  and  analysis  of  the  physics  of  the 
important  role  of  plasma  background  are  given.  It  is  pointed  out  that  in  a  magnetized 
plasma-filled  waveguide,  there  are  many  interesting  features  of  beam-wave  interactions, 
two  of  them  being  most  essential,  one  is  that  the  transverse  interactions  are  always 
accompanied  by  the  longitudinal  interactions.  The  other  is  that  the  magnetized  plasma 
itselt  is  strongly  involved  in  the  interaction  mechanisms  via  an  additional  component  of 
field.  The  paper  consists  of  two  parts.  Part  A  presents  general  theoretical  formulations  of 
electron  beam-wave  interactions  in  magnetized  plasma  waveguide  using  only  a  fluid 
model  for  both  the  plasma  and  beam.  Part  B  extends  the  analysis  of  the  interaction  by 
retaining  a  fluid  treatment  for  the  plasma-fill  but  substituting  a  kinetic  theory  treatment 
for  the  electron  beam.  It  continues  further  to  include  a  detailed  treatment  of  the  physical 
effects  of  the  ion-channel  that  is  formed  in  the  plasma  by  an  intense  electron  beam.  In 
both  parts  of  the  paper,  sample  numerical  calculations  are  presented  in  order  to  illustrate 
the  physics. 


Appendix  1.2 
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Basic  Theoretical  Formulations  of  Microwave  Plasma  Electronics 
Part  B.  Kinetic  Theory  of  Electron  Beam-Wave  Interactions  in  a 
Magnetized  Plasma  Waveguide 


Liu  Shenggang,  Fellow  IEEE;  R.J. Barker  ,  Fellow  IEEE.et.  al. 


Abstract.  Based  on  the  theory  given  in  Part  A  of  this  paper,  the  kinetic  theory  of 
Electron  Beam-Wave  interactions  in  a  magnetized  plasma-filled  waveguide  is  presented 
in  this  part.  The  dispersion  equations  of  longitudinal  and  transverse  interactions,  both  in 
smooth  and  corrugated  waveguides,  are  derived  by  using  kinetic  theory,  including  the 
kinetic  theory  of  plasma  filled  electron  cyclotron  resonance  master  (ECRM),  a  Cherenkov 
device  and  a  TWT,  BWO  etc.,  a  combination  of  Cherenkov-Cyclotron  resonance  are 
discussed.  It  is  interesting  to  note  that  in  a  magnetized  plasma  waveguide,  the 
transverse  interaction  (ECRM,  for  example)  is  always  coupled  with  a  longitudinal 
interaction. 


Appendix  1.3 

A  New  Hybrid  Ion-Channel  Maser  Instability 

Liu  Shenggang,  Fellow  IEEE;  R.J.Barker  ,  Fellow  IEEE,et.  al. 

Abstract.  A  new  hybrid  maser  instability  has  been  found  for  the  case  of  electron  beam- 
wave  interaction  in  a  plasma-filled  waveguide  with  ion-channel  taken  into  account  for 
Bo=0.  A  complete  linear  formulation  and  numerical  calculations  are  presented.  Some 
important  and  interesting  features  of  this  new  hybrid  instability  are  indicated. 


Appendix  1.4 
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A  New  Kind  of  Waves  in  Magnetized  Plasma  Waveguide 


Liu  Shenggang,  Fellow  IEEE;  R.J. Barker  ,  Fellow  IEEE,et.  al. 

I.  Abstract.  A  new  kind  of  waves  that  can  propagate  along  magnetized  plasma 
waveguide  has  been  found  in  the  paper.  This  new  kind  of  waves  did  not  appear  in 
published  papers.  It  is  indicated  in  the  paper  that  this  new  kind  of  waves  has  very 
special  characteristics:  it  contains  a  quasi-static  field  components  and  it  exists  in  a 
sets  of  discrete  frequencies.  Both  analytical  theory  and  numerical  calculations 
approve  the  existence  of  this  kind  of  waves.  The  importance  of  this  new  kind  of 
waves  in  both  physics  and  mathematics  is  indicated  in  the  paper. 
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Progress  Report 

(Jan.  1998 — July  1998  ) 


Professor  Liu  Shenggang 


Department  of  Electric  and  Computer  Engineering 
Old  Dominion  University  (ODU) 


Progress  Report 

(Jan.  1998— July  1998  ) 

Professor  Liu  Shenggang 

Department  of  Electric  and  computer  Engineering 
Old  Dominion  University  (ODU) 


I  have  arrived  at  ODU  on  Jan.  21st  1998.  I  met  Prof.  K.H.Schoenbach  immediately  and 
discussed  with  him  my  research  work  at  ODU.  The  three  directions  along  which  my 
research  work  has  proceeded  are: 

I.  Plasma  Microwave  Electronics 

II.  Microhollow  Cathode  Discharge 

III.  Electromagnetic  Field  Effect  on  Biological  Cell/cells 

IV.  References 

In  the  period  which  is  covered  by  this  report  w  ide  range  of  topics  has  been  addressed. 
Some  of  the  many  achievements  are  very  important.  The  work  done  during  that  period 
of  time  can  be  described  as  follows. 

I.  Plasma  Microwave  Electronics 

The  following  achievements  have  been  obtained: 

a.  A  four-part  paper  “Basic  Theoretical  Formulations  of  Plasma  Microwave 
Electronics”  has  been  finished: 

Part  I  “General  Theoretical  Formulations  of  Electron  Beam-Wave  Interactions  in 
Magnetized  Plasma  Waveguide” 

Part  n.  “Kinetic  Theory  of  Electron  Beam-Wave  Interactions  in  Magnetized 
Plasma  Waveguide” 

Part  HI.  ‘Theoretical  Study  on  Electron  Beam-Wave  Interactions  in  Magnetized 
Plasma  Waveguide  with  Ion-Channel  Taken  into  Account” 

Part  IV.  “Numerical  Calculations” 

It  is  a  very  important  paper.  In  fact  it  consists  of  four  papers.  This  is  an 
invited  keynote  paper  at  the  GA  of  APFA’98  and  APPTC’98  (The  First 
General  Assembly  of  Assian  Plasma  and  Fusion  Association  joint  with  the 
Third  Asian  Pacific  Plasma  Theory  Conference),  Sept.  21-25,  1998, 


Beijing.  This  paper  was  also  invited  to  be  presented  at  other  two  Int. 
Conferences,  but  I  was  not  able  to  attend. 

b.  A  paper  “  A  New  Hybrid  Ion-Channel  Maser  Instability”  has  been  finished.  This 
paper  was  presented  at  the  23rd  International  conference  on  Infrared  and  Millimeter 
Waves  held  in  UK,  Essex  University,  Sept.  7-12,  1998. 

In  this  paper  a  new  interaction  mechanism  has  been  proposed  and  studied. 

Anv  one  of  those  papers  has  been  considered  an  important  contribution  to  the  field  of 
research  by  the  audience. 

c.  Preparatory  work  on  the  25lh  International  Conference  to  be  held  in  the  year  2000, 
u  here  I  am  honored  to  be  the  conference  chairman.  A  report  has  been  made  by  me 
at  the  International  Committee  of  the  23rd  Int.  Conf.  held  in  the  UK. 

II.  Microhollow  Cathode  Discharge 

a.  Collected  and  read  a  large  number  of  materials  on  the  “Microhollow  Cathode 
Discharge”  and  its  applications.  It  provides  a  good  background  for  further  study. 

b.  The  draft  of  a  paper  ‘Theoretical  Study  on  Micro-Hollow  Cathode  Discharge”  has 
been  prepared.  The  analytical  theory  has  been  finished. 

III.  Electromagnetic  Field  Effects  on  Biological  Cell/Cells 

a.  Collected  and  read  a  large  number  of  materials;  it  provides  a  good  background  for 
further  study 

b.  A  paper  on  “  Electromagnetic  Properties  of  Spherical  Biological  Cell” 

has  been  drafted  and  was  accepted  by  the  20h  FEL  International  Conference  held  at 
Thomson  Jefferson  National  Lab,  Williamsburg,  Sept.  17-22,1998. 

C.  Joint  the  preparatory  work  for  the  “First  International  Symposium  on  Nonthermal 
Medical/Biological  Treatments  Using  Electromagnetic  Fields  and  Ionized  Gases”, 
including  attending  the  preparatory  meeting  and  drafting  some  materials,  organized 
by  Prof.  Schoenbach,  and  Dr.  Barker.  I  will  be  the  Co-Chair  of  the  Symposium. 

During  this  period  of  time.  Dr.  Robert  J.  Barker,  Prof.  Karl  H.  Schoenbach,  take  very 
good  care  of  me.  I  got  very  strong  support  from  the  University,  the  president,  the 
department  heads,  and  the  Dean  of  the  College  of  Engineering.  The  International  Office 
has  done  a  lot  for  me.  I  would  like  to  take  the  opportunity  to  extend  my  sincere 
appreciation  to  all  of  them.  I  really  enjoy  my  stay  here  together  with  my  wife,  Mrs. 
Chenqi  Jiang. 
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I  am  sure  that,  based  on  the  already  obtained  achievements,  my  research  work  in  the 
remaining  time  will  be  very  successful  and  fruitful.  And  my  visit  and  stay  here  will 
certainly  and  greatly  promote  the  scientific  exchange  and  the  friendship  between  China 
and  US,  in  particular,  between  ODU  and  my  university  UESTC. 
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Part  I:  A  Fluid  Model  Analysis  of 
Electron  Beam-Wave  Interactions 


/£££  T m 
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Liu  Shenggang".  Fellow  IEEE,  Robert  J.  Barker'"  ,  Felton-,  IEEE 
Zliu  Dajun",  Van  Vang",  and  Gao  Hong" 

Kev  Words:  plasma  microwave  electronics,  BWO,  gyro.ron.  plasma-fill,  fluid  model 

AbS'raC'-  Ba!iC  l"e0re,iCa'  *»  electron  beam-wave  interactions  in  a  plasma- 

niled  waveguide  immersed  in  a  finite  magnetic  field  are  presented  in  this  two-part  paper.  The 

genera,  interaction  and  dispersion  et.ua, ions  of  the  iongitudina,  and  transverse  interactions  in 
both  smooth  and  corrugated  magnetized  plasma-filied  waveguides  are  formuiated.  These  are 
.ben  applied  to  examine  plasma  Cherenkov  radiation,  the  plasma-filled  travel, ing-wave- 
tube‘backward-wave-oscillator  (TWT/BWO),  the  plasma-fiiied  electron  cyclotron  resonance 
maser  fECRM)  and  other  beam-wave  interactions  including  those  involving  ion-cha„„e,s.  Some 
possible  ness  interactions  in  a  magnetized  plasma-filled  waveguide  (MPW)  are  proposed.  A 
detailed  discussion  and  analysis  of  the  important  physical  role  of  the  plasma  background  are 
Mans  interesting  features  of  beam-wave  interactions  in  an  MPW  (magnetized  plasma- 
filled  waveguide)  are  pointed  out,  £^f  them  being  most  essentia,.  One  is  that  transverse 
interactions  are  always  accompanied  by  longitudinal  interactions.  The  mh"er‘'  is  „,a,  the 
magnetized  plasma  itself  is  strongly  involved  in  Hie  in, enaction  mechanisms  via  an  additional 
component  „f  the  field.  This  paper  consists  of  two  parts.  Par,  I  presents  genera,  theoretical 

_ _ I  1  ^  ,0"'  A  T.  J'/-  CyJVj.v,  Ad-vewp 

7**®*  B""n.  Geimany.  ,996.  and  also  a,  ,he  :2nd  In, 

■  - — - — 

610054  p R; Cta‘ 


formulations  of  electron  beam-wave  interactions  in  an  MPW  using  a  fluid  mode,  for  both  ,he 
plasma  and  ,be  beam.  „  also  includes  a  detailed  treatment  of  tbe  pb.vsica,  effects  of  tbe  ion 
channel  that  ,s  formed  in  the  plasma  by  an  intense  electron  beam.  Par,  1,  extends  the  analyses 

^  r£tainin8  *  n“id  'rea,men'  f°r  ‘he  P'aSma-n"  bU'  •  Kinetic  theory  treatment  for 

the  electron  beam.  In  both  mrfc  nf 

ports  of  the  paper,  sample  numerical  calculations  are  presented  in 

order  to  illustrate  the  physics.  7^.  1  U.  ui  An,  y 

w  ~  -fr-u  "  */?•*■'<  ii,  tl. 

.1,  :s;e..„  e..,l  ,ft'...l.|)  ,  , 

I.  Introduction  ^  ^ '  //c  ^  ^ 

Ai.f,w,uiUL 

The  goal  of  Microwave  E, ccron.es  is  to  create  improved  microwave  devices  tha,  ptov.de 
htsher  output  power  w„h  higher  effictency.  ^  hav£  _  ^  fa  ^  ^  _ 

years.  Gtgawan  output  power  leve.s  have  been  reached  in  pulsed  relativistic  microwave  devices  [i], 

I:]  and  megawatts  in  continuous  (CW>  operat.on  (e.g.  .  using  a  gyro, ton,  [3,,  [4).  Further 
ennancement  of  output  p0Wer  and  efficiency  now  faces  some  fundamental  limits.  One  of  the  most 

max, mum  cuirent  density  due  to  the  beam  "blow-up"  instability  [5], 

Space  charge  a, so  causes  the  potentia,  a,  the  center  of  the  eieetton  beam  to  be  lower  than  tha, 

“  the  outer  surface  of  the  beam.  Thts  effect  may  thus  a, so  cause  the  dcfocus.ng  of  the  beam,  degrad, ng 

tne  beam  quality.  For  particularly  intense  beams  and/or  long  beam  oaths  this 

ng  Deam  Paths  ^is  can  even  cause  the  beam 

.0  s,nhe  the  surface  of  the  vacuum  envelope,  decrees, ng  the  beam  ttansmtss.on.  These  and  other’ 

hf/ects  of  space  charge  senousiy  penutb  beam-wave  tntetactions  and  degrade  the  petfomtancc  and 
behaviour  of  microwave  devices 

The  most  ptomistng  approach  for  tncteasing  the  ne,  beam  cut™  denstty  is  by  .nttoducic  a 
background  piasma  f,„.  By  this  means,  the  beam  space  charge  can  be  fldiy  or  pantaiiy  neutrahaed. 
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The  maximum  cmrent  limit  of  the  beam  is  then  detemiined  by  the  Pierce  instability  [5J.  Plasma  space 
charge  neutralization  may  thus  provide  more  than  a  five-fold  increase  of  the  beam  current. 

It  has  already  been  shown  that  a  plasma  fill  can  dramatically  enhance  the  output  power  and 
efficiency  of  some  microwave  devices,  such  as  the  relativistic  BWO  and  plasma  Cherenkov  radiation 
d.\ic-s  [6]  [10].  Plasma  filling  has  even  been  attempted  in  Free  Electron  Lasers  (FELs)  [Il]-[13]. 
Even  more  intriguing,  plasma  filling  has  permitted  the  development  of  some  entirely  new  plasma- 

based  microwave  devices  (e.g.,  the  PASOTRON  [14]  and  the  Plasma  Wave  Tube  [15])  that  eliminate 
the  need  for  an  axial  magnetic  field. 

These  studies  also  show  that  a  plasma  fill  has  some  fundamental  effects  on  beam-wave 
mteracipns.  When  an  electron  beam  is  injected  into  a  plasma,  an  ion-channel  is  formed  which 
improves  beam  transmission.  This  is  the  so-called  “channelling  effect"  of  plasma  that  improves  beam 


quality.  The  plasma  may  also  provide  a  focusing  force  on  electrons  to  reduce  transverse  diffusion  in 
the  beam,  further  improving  beam  quality  [14],  The  resultant  ion-channel  gives  nse  to  its  own  beam- 
wave  interactions  [16]-[18],  Those  as  well  as  a  new  combined  instability  mechanism  are  presented  and 

analysed  ,n  Section  VI  of  this  paper.  Computer  calculattons  are  also  presented  for  both  longitudinal 
and  transverse  interactions.  These  calculations  show 
interactions  for  the  case  of  a  plasma  fill. 


many  interesting  characteristics  of  beam-wave 


The  study  of  beam-wave  interactions  in  the  presence  of  a  plasma  fill  has  formed  a  new  field  of 
science  and  technology,  namely  Plasma  Microwave  Electronics  (PME).  Almost  two  decades  ago  in 
19S1,  L.  S.  Bogdankevich  and  his  colleagues  published  a  paper  entitled  “Plasma  Microwave 
Electronics”  [8],  Later,  in  1992,  M.  V.  Kuzelev  et  al  and  Y.  Cannel  et  al.  both  presented  papers  on 
"Relativistic  Plasma  Microwave  Electronics”  [9].  These  papers  give  good  reviews  of  the  main  work 
and  achievements  obtained  at  that  time.  Although  a  large  number  of  additional  papers  have  been 
published  more  recently,  there  still  remains  much  work  to  be  done.  The  fundamental  influences  of  a 
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pias™  fill  on  beam-wave  imeraoions  are  no,  ye,  oomple,ely  understood.  For  example,  a  magnetiz, 
plaema  fill  couples  ,he  TE  and  TM  modes  in  waveguides  and  resonators  Bu,  this  important  fac, 
ignored  in  almos,  all  published  papers  ,o-da,e.  Beam-wavein, emotion  J7t,„  me,,,!  by  using  T 
modes  or  TM  modes-separately. 

^  ^The  presende-offfiF  plasma,'  in  ^icuiar  whin  , hem  is ' ^mag„efic_“fieldrcaus«TmpT^r 
changes  ,0  the  wave  and  wave  fields  nwhe  waveguide  or  resonator  _The.TE  and  TM  modesjg- 
^P^ey^^^L„^-his 

,  [20].  The  magnetized  plasma  fill  enables  vanenes  of  propagating  waves  which  could  no,  exis,  tin 

»  naagnetic ;  field  [21  J.  /i,  will  also  be  showm 
later  in  this  paper  (Section  II)  that  magnetized  plasma-even  produce-  some  addmonal  components  o; 

the  wavrfleldrcomplelely-changing-the  fteM-patterm-Thes^actors-significantly.infiuence  beam-wave 

**  P'aSma  i,!Clf  iS  i»  'he  interactions,  making  them  much  more 

complicated  and  rich. 

The  clear  importance  of  space-charge  effects  leads  one  to  also  consider  introducing  plasma  imo 
gyrotrons  to  increase  their  output  power.  To  the  best  of  the  authors'  knowledge,  there  are  only  a  few 
papers  published  on  plasma-filled  gyrotrons.  Reference  [22]  tried  to  explatn  the  output  power 
enhancement  of  a  plasma-filled  relativistic  backward  wave  oscillator  (BWO)  ihrough  a  combination  of 
Cherenkov  radiation  and  the  electron  cyclotron  resonance  instability.  1,  will  be  shown  later  in  this 

paper  that  actual  electron  beam-wave  interactions  in  an  MPW,  when  the  ECRM  is  taken  into  account, 
are  much  more  complicated. 

j  The  delailed  analyses  prescmcd  '»  'his  two-pan  paper  vastly  expands  upon  and  general, 70?“ 
|  P°n  "*  a“lh0rS'  previous  work  “  field  PO]  which  only  examined  wave  propagation  in  an  MPW 
|  inJhejteCTceof  an  electron-beam.(,This  paper  goes  on  to  demonstrate  four  major  physics  issues 
inherent  in  PME  devices.  First,  a  magnetized  plasma  fill  strongly  changes  the  behavior  of  wave 
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propagation  in  a  waveguide.  Specifically,  the  TE  and  TM  modes  can  no-longer-  exist  independently; 
tfw^are  replaced  by  the  EH  and  HE  hybrid  modes. , -Alsa^^w  two  eigenvalues  and  two 
corresponding  eigenfunctions  instead  of  only  the  one  that  exists  for  the  vacuum  case  or  for  the  cases 
where  the  applied  axial  magnetic  field,  B0,  goes  to  zero  or  infinity. Therefore  we  have:  t 

.  Ez  =  ■Vm(p,R)  +  A:Jm(p;R)  (1) 

H,  =  A1hrl„,(p,R)  +  A:h..Jm(p:R)  (2) 

where  the  wave  factor  exp{j(cot  -  k,z-  mcp)}  is  neglected,  and  the  tw'o  eigenvalues,  pt  and  /?, ,  are 


eiven  bv: 


Pu  =  )  +  ^3(e,E3  -t-  tcf  - e 2 )] ± 


h,,  = 


-e,)  +  k2(e,E3  -e(  +e;)]‘  +  4k2k;e;e3 J 3 

(~k»  ^  k  g  I  )g  3  -  £)P?,; 

JUU0k  r. 


I:  the  waveguide  is  completely  filled  with  plasma,  we  have: 


J~(P:R<) 


Jm{PtRe) 


Therefore,  the  field  pattern,  the  cut-off  frequency  (thus  the  wave  number)  and  the  dispersion 

_  X 

relations  are  all  changed.  It  is  clear  That  formulations  based  on  the  TE  mode  or  TM  mode  alone  (e.g.  —  / 

1 1  — ^ j )  insufficient  for  rigorously  dealing  with  the  full  contribution  of  a  magnetized  plasma  fill.  J 

The  second  major  PME  physics  issue  is  that  the  magnetized  plasma  background  strongly 


changes  not  only  the  behavior  of  wave  propagation  but  also  the  character  of  the  bcum-wavi 


interactions.  Since  the  TErand-TM-modes  are-always  coupled.-E^  and  EA  always  exist  simultaneously. 
If  the  electron  beam  has  both  longitudinal  and  transverse  components  of  motion,  it  is  inherent  that  the 


longitudinal  (J2~EJ  and  the  transverse  (]  -E  )  •  L 

r— _ _ _ _ _  t  0ns  ln  the  waveguide  are  always  present 

together.  /This  implies  that  Cherenkov  type  and  TWT/Rwn  t  ^  i 

type  and  TWT/BWO  type  interactions  are  always  accompaTTl 

L  by  ECRM  and/or  gyf°-peniotron  type  ininranin-- 


The  third  major  PME  phys.es  issue  is  that  the  magnetised  background  plasma  i, seif  is  deeply 
involved  the  beam-wave  interactions.  Moreover  s.nce  there  are  varieties  of  waves  tha,  can 
propagate  aiong  an  MPW,  dear,  there  ntus,  be  couphng  between  the  waves  through  the  eiectron 
b-am.  Tins  couplmg  (e.g.-  parametric  coupling)  may  lead  to  instabilities.  This  kind  of  instability  has 
^s^tedm^^however. n  was  there  agam  based  only  on  the_J^^'^oTTaking',nto~  ‘ . 
/consideration  the  fact  that  the  TM  and  TE  modes  are  always  coupled  together. 

Finally,  the  fourth  major  PME  physics  issue  involves  for  p,asm7fi„ed 

systems.  The  dispersion  characteristics  of  wave  propagation  ,n  a  circular  cylindrical  MPW  is  shown  in 
F.,A,  of  Appendix  A.  This  figure  shows  tha,  there  are  a,  leas,  three  kinds  of  waves  that  can 
propagate  through  the  waveguide:  plasma  waves  „he  Trivelpiece-Gould  or  T-G  modes,  the 
frequency  range  <U-<o>p>;  cyclotron  waves  (in  the  range  and  wavegu,dc 

—  (a  >  A„  these  waves  are  electromagnet,  waves;  a„  of  them  can  interact  w.th  the  electron 
beam.,/' 


7  'mer'S,,"S  10  n°'C  of  the  cyclotron  ~  ~  lhe 

/range:  K  <  .  <  ..  or  -  .  <  at  <  ).  are  natural  backward  waves  (negative  dtspers.on).  These  waves 

can  directly  interact  with  the  electron  beam  since  their  phase  velocity  may  be  less  than  the  speed  of 

ln  particular,  we  can  even  use  these  backward  waves  to  construct  a  BWO  (backward  wave  , 

TTorW^u,  a  penodic  struq^TT^TTT,  filling,  therefore,  mates  tv-,., . .  " 

mteractions  both  more  complicated  and  richer. 


J  ,  / 


Following  this  introduction,  the  field  equations  for  an  MPW  are  given  in  Section  II.  Section  III 
deals  with  the  general  interaction  equations  for  both  longitudinal  and  transverse  beam-wave 
interactions  in  such  a  waveguide.  The  interactions  in  a  periodic  system  (corrugated  MPW)  are 
discussed  in  section  IV.  Dispersion  equations  for  both  the  smooth  and  comjgated  plasma  wavcuuidcs 
are  given  in  Section  V.  Section  VI  deals  with  beam-wave  interactions  with  the  ion-channel  taken 
account,  with  sample  numerical  calculation  given  in  Section  VII.  Some  new  interactions  that  may 
occur  in  these  systems  are  given  in  Section  VIII.  Detailed  discussion  ancKafwlysis  are  given  in  Section 
IX.  .Section  X'conclude's  with  a  summary  of  the  major  points/)  Some  detailed  derivations  arc  given  in 
several  appendices  at  the  end  of  this  paper. 


II.  Field  Equations  in  an  MPW 

i  <  C <»*»-■' «»*  p.  hrrjcj  r  e  v  t  v-r  ^ 

-  ThUds  section, Equations  for  the  electromagnetic  field  components  in  a  magnetized  plasma,  in 
both  urn  form  and  corrugated  waveguides  will  be  given,  ,4t  irwrllOagwn  [1],  [3]-[5]  ntanrTa'pTasn-nr^ 

>o _ _ _ *“  “  "  ”  ■ - - — _ — — - - — ’  ^  I 

filled  waveguide  immersed  in  a  finite  axial  magnetic  field  the  TM  and  TE  modes  are  always  coupled  to  / 


form  the  HE  and  EH  hybrid  modes.  Thus  the  field  expressions  are  complicated.  iTo  simplify  the  later 


mathematical  manipulations  and,  in  particular,  to  obviate  the  influence  of  the  plasma  background  on 
the  beam-wave  interactions,  the  field  components  can  be  split  into  four  parts.  The  field  components 
produced  by  the  H,  field  are  defined  as  the  “TE-like”  pan,  while  the  components  produced  by  E.  are 
denned  as  the  TM-like  part.  The  two  additional  field  parts  are  associated  with  the  response  of  the 
plasma  background  and  are  thus  defined  as  the  "plasma-produced  TE-like”  part  and  the  "plasma 
produced"  TM-like  part. 

According  to  the  fluid  model,  magnetized  plasma  can  be  described  by  the  following 
permittivity  tensor: 
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where: 


e,  =  1  -  ■ 


je  2  0 


e,  =  - 


1-T;  ’ 


cop  = 


°p  is  ihe  electron  plasma  frequency  of  the  background  plasma,  and  coc 


is  the  electron  cvclotron 


frequency.  Collision  effects  are  neglected. 


The  field  components  can  then  be  expressed  as  follows  (See  Appendix  A  for  details): 


I 

H.  =  Y  Ah  J 

•  i  t  m 


0=1,2) 


£*'  +  +  E*\p  +  E/I2P 

~  +  ^<p:  +  E»\p  +  E0ip 

H«  =  H*>  +  H*2  +  +  H , Rip 

H*  =  +  + 


The  subscripts  "I"  and  "2”  denote  the  “TE-Iike”  and  "TM-like”  pan,  respectively,  and  ~lp"  and 
aenote  Ihe  -plasma-produced  TE-Iike”  and  "plasma-produced  TM-like”  pan,  respectively.  Trorm 


Appendix  At  ive-get: 


1 


t  (  1  cX  C  (•— , 


a 


/ 


A  > 

e*'p = y~^p,  jmt 


M  c  u  t 


/)/^  P  w.*U>c  A 


Ev-  =  y  —  k.K2-J 

*r  d  ■  r  m[ 
e^p =y~j^Ak^~jm, 


T  D  R  "' 

5»:  = 

5p'/>  “X'^“M,*t:p./» 


=  X  (  *;  A  J„,  -  k:  J  Jm 


where  ^»,-^(p,^).  •/„,  =^m(jD,^)  and  the  wave  factor,  exp{_/<yr  -  yA'.z  -  ym^}  has  been 
\  neglected.  Other  parameters  are  defined  in  Appendix  A,  (A-7).  _ _ ____-< 


For  the  corrugated  waveguide,  the  fields  are  expanded  into  spatial  harmon 


ics  to  obtain: 


E  =  V  £ 

2  /  ^  Z.S 

I 

H.  =  y  H 

and  similarly  for  the  ER,  E*,  BR  and  B.  components;  where: 


k,s  =  M 


(s  =  0,  ±1,  ±2,  ...) 


^  e  can  then  get  all  the  field  components  (ERI  E  E  FFrcD^ 

i  ^  ru-  ^  LRlpi,  tK:pi,  h,  s,  E.,s,  E,lps,  E,:  Bltls,  Ba,s. 

.  *  ^  ^  ^ _ :  r.  ft  ) 

3Rlpsl  B^,  B.1s,  B.,$)  B.,  and  B„p.,  l^JZ U^I^ZLZ 


n  - 

K;.p,„  and  Jm,_„  Jnl),  respectively,  where  J„,,  =  J.,(p„R)  and  J_,  =  j„(Pl,R)  and: 


A,,=\  J~(P:.sRc)  . 

~Mp,a)  ' 


p*-«  +e2)  +  k:(E1E3  +z] -e;)]  +  (-l)^'  J_. 

|  -^i.s(e3  “  ei) +  ^ ‘ (e , e3  -  ef  +  e;  j  +  4k:k;se;e3 )‘ 


(~k'»  +  -g.P's 

j(UpokItE3 


h,.,= 


Note  that  all  the  plasma-produced  field  parts  are  proportional^  k;  =  k^, ^Therefore,  when  the 
plasma  is  absent,  or  the  magnetic  field  B0->0  or  B0->«,  we  have  e;=0  and^these  field  parts  vanish^  For 
the  vacuum  case  (  e2=0,  e,*e3-l  )  we  have  independent  TE  and  T Mli^desTand '[HTTE-Ti kTand" TM- 
like  fields  automatically  become  the  fields  of  the  TE  and  TM  modes,  respectively.  ' 
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HI.  General  Equations  Governing  Electron  Beam-wave  Interactions  in  a  Smooth 
Walled  MPW 

Maxwell’s  equations  can  be  written  as: 


E  =  -jo)p0H 
T  *  H  =  jw£uD  +  J 
y-D  =  P 

D  =  e0E-E 
V  B  =  0 


?:om  Cl),  we  can  ob.a.n  .he  follow,  „g  ,wo  sets  ofequa.ions,  one  se,  in  ,cn,,s  of  .he  longitudinal  held 
components;  the  other  in  terms  of  the  transverse  field  components. 


A.  Interaction  equations  expressed  in  terms  of  the  longitudinal  fields: 

rrom  (21),  we  get  the  following  beam-wave  interaction  equations: 


V;E, +aE,  =  bH2  +  jcop0J2  - 

-&-P 

(22) 

M, 

V-H2  +  cH2  =  dE2  -(Vx  J) 

co£, 

- --p 

P3) 

'  '  Z 

a  =  (-k; +k:£,)eJ/eI 

b  =  Jk^PoGj  /  £ | 

c> 

c  =  -k2J+k:(£f-£;)/ei 
d  =  -jk2co£o£;£3  /  £| 

> 

i  j 

-u 

The  transverse  field  components  may  be  expressed  in  terms  of  E2  and  H2  as  follows: 

=  — [-jkjK-’V^Ej  +  cjp0k^ V2 H?  -  k2k^VaE2  x  e2 
-Jo)p0K3V1Hl  xe^jcop^K2!,  x  e2] 
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-  jklK!ViHl  -  j(oc0(k;£j  -  KJ£|)VlE!  x  e, 
-klkjVAHz  xez  +  kzk;Jx  -jkzK2Jx  xej 


where: 


KJ  =  k!e,-kj;  k2  =  k2e:;  D  =  K‘-k4; 


k‘  cuu0 


Hq.  (22)  can  be  used  to  study  longitudinal  interactions  (e.g.,  plasma  Cherenkov  radiatior 
devices),  while  (23)  can  be  used  to  study  transverse  interaction  (e.g.,  an  ECRM  with  plasma  fill). 

When  the  plasma  fill  is  absent,  co  =0  and  we  have  s2=0,  8,=s3=l-  Equations  (22)  and  (23)  then 


reduce  to: 


V1E;  -k2)Ez  =  jcou0Jz 
v:H,+(kJ  -k;)Hz  =-(VxJ) 


Equations  (25)  and  (26)  for  this  case  become: 


1  k2-k2f  kzVj-E*  “°^oVj.Hz  x  e2  +cop0J  ] 

[j-  =  p  _  p  +  coe0V_,Ez  *  ez  -  k ZJ1  X  ezj| 


A — _ . _ _  K2  =  k2-k;;  kj  =  0;  D  =  K4;  k2  =co2ejin 

All  thw  equations  thus  reduce  to  the  we]]  known  vacuum  case. 

However,  in  the  vacuum  case,  the  TE  and  TM  modes  can  be  independent,  so  we  gel: 

=iP_k4-k*VxEz+up<Ji] 

^  [d)S0V1E2  x  e2  -  k2J1  x  el 

K.  “  K  2  L  J 

for  the  TM  modes,  and 


(32)  / 


?  J“Po 

-jk, 


-V1Htxe,+J1] 


H1  =  ptinv‘H-  +  ,*xS' 


(33) 


for  the  TE  modes; 


For  the  case  of  a  plasma  fill,  when  B0-*x,  (22)  becomes: 

v.Ez  ~(k:  -  kz)(]  '“p  ;“:)Ez  =  J«FoJz  "  —  P 


(34) 


bile  when  B0-+O.  we  have: 


V:  E, 


k:(l-co;  /  (oM-kjlE,  =  jop.J, - —^4 - — P 

J  c0(l-co- /  co- j 


(35) 


B.  Interaction  equations  expressed  in  terms  of  the  transverse  fields: 

The  beam-wave  interaction  equations  (22)  and  (23)  can  also  be  expressed  in  terms  of  the 
transverse  field  components  as  follows: 

Hg.*  ~£:  £  = 


+■ 


lk.COUn£,  -  ,  r,  ~r  OJU,£:  _  -  V  P 

■  -  0  -  H 1  +  A;cpu0  —4 et  X  Hx  +  jcD^yJ ± - e.  - 


(36) 


and: 


+  (kJe3  -k;)H1  =  -jk,o>Ece,EA  +  k2coe0(e3  -  e,  )e2  x  E.  ~(Vx  J)^ 


(37) 


Then  E  and  Hz  can  be  wntten  as: 


E,  - - M(v*H1)'e,-.r 

coc0e3lv 


(38) 


H  .  =  — (VxE.)e, 


(39) 
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When  CDp-0,  (36)  and  (37)  reduce  to: 


V\E±  +  (k2  -k|)EA  =  jcoja0Jx 


vlH  ,  +  (k:  -  k; )HX  =  -(V  x  j)  (4; 

Equation  (40)  has  been  used  for  the  kinetic  theory  of  the  ECRM  with  space  charge  taken  into 
consideration  [25].  Equations  (38)  and  (39)  remain  unchanged. 

For  the  case  of  a  plasma  fill,  when  B0->co,  e,=l ,  e2=0,  e3  =  1  -  u>2  /  or ,  (36)  and  (37)  become: 


r,  t  V,p 

- e2  X  H  ,  -r  JO)U  yJ  + - — 

w  ■  '  e„ 


V:  E  + 

k: 

-  k*  t1  -u*  /co 

and: 

v:h,+ 

V| 

! 

3 

r  (  Q. 

3 

1 

and  when  B0— >0,  we  have: 

V' + 

k: 

i 

r<  » 

1 

r.  a  1  r 

3  1 

1 

l  <»')  ‘J 

e  x  E 


:0(l-a)-  /o)1) 


Equations  (38)  and  (39)  again  remain  unchanged. 

The  general  interaction  equations  obtained  above  cover  almost  all  kinds  of  interactions  in  a 

smooth  waveguide  with  or  without  a  plasma  fill.  Which  interaction  equation  to  use  depends  on  the 

specific  case  and  on  the  preferences  of  the  author.  -  - 

. . . . / ; 

It  should  be  pointed  out  here  that  since  the  TE  and  TM  modes  are  always  coupled  to  each  other, 
the  longitudinal  and  transverse  interactions  are  also  both  present  if  transverse  electron  motion  exists. 
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IV.  Beam-Wave  Interactions  in  a  Corrugated  MPW 


t 


r 


Wave  propagation  through  a  corrugated  MPW  has  been  previously  studied  [20],  According  to 
/  Floquet’s  theorem,  the  fields  should  be  expanded  as  follows: 


e  =  Xe,=')1"' 

.  5 

H  =  ^Hke'jk"2 


(46) 


where: 


k2.s  =  kzo  + 


2ns 


(47) 


\  L  is  the  spatial  period,  and  s  is  the  spatial  harmonic  number.  Once  again,  we  can  Find  the  interaction 
equations  expressed  in  terms  of  both  the  longitudinal  as  well  as  the  transverse  field  components. 


A.  Longitudinal  Field  Expressions: 

Substituting  (46)  and  (47)  into  (22)  and  (23)  yields  the  following  for  the  longitudinal  field 
components: 


s  s  v  £0£, 

+  C.H„)  -  £(d.E„  -(V  x  J.)  -5^-p, 


(48) 

(49) 


where: 


a,  =(-kL  +  kIe.)e3/e.  ] 

b,  =  jkM<oji0e2 /e, 

c,  =  ~kL  +  k2(ef  "£:)/e 

d,  =-jkl.l“Eoa2a3  /£, 


(50) 


The  transverse  field  components  and  may  be  found  from  (25)  and  (26)  by  simply  replacing 
(kz,  K!,  D  and  JJ  by  (kw,  K.*,  D$  and  Jls)  respectively,  where: 

KL-kVl&;  D„-C-k;  (51) 
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Equation  (48)  can  be  used  for  plasma-filled  devices  like  the  TWT  and  BWO,  while  (49)  can  be  used 
for  a  plasma-filled  ECRM  in  a  periodic  system. 


In  the  plasma-free  case,  (op=0,  e2=0,  e,=e3=l,  (48)  and  (49)  reduce  to: 


S[VlE~+(k  -MEz,]-Z(j<^0Jz,  “p* 

*  j  s  V  c0  / 

(52) 

Z[v;H„+(k--k;)H„]=-x(vxjs) 

S  J 

(53) 

When  (op*0,  B0— »co,  we  have: 

Z[v:E„+(k!-kL)(l-o);/a,=)E.J  =  xf>M„-^p] 

1  J  «  k  E  0  J 

(54) 

E[viH„+(k!-k;)H„]=-2;(vxj!) 

S  J  V  /2  * 

(55) 

and  when  Bq— ►(),  we  have: 


l{viE.J,[k,(i-m;/m’)-kL]E„}-xLoJ,..-7Jkv)  p. 

1  *L  eo(i -co; /co'J 

Z{viH„  +[k3(l-coi  /®’.)-kL]H„}  =  -£(v x !.)_ 


Equations  (54)  and  (55)  are  commonly  used  for  the  plasma-filled  BWO  and  TWT,  when  the  coupling 
between  the  TE  and  TM  modes  due  to  the  magnetized  background  plasma  is  neglected. 


B.  Transverse  Field  Expressions: 

Similarly,  substituting  (46)  and  (47)  into  (36)  and  (37)  yields  the  following  for  the  transverse 
field  components: 


lb 


v*  V,J  c  ^  (E|  E:)  ^z‘Ej  5  V'  jkjCOHoCj  -T  - 

L  vxEx.  +  — - ~r - Ex.  =z  Hx,t+j(OM,JJL4  + 


kz.,<on0-g3  E|^z  xHx.,-— e,  x 

ei  ei  eoei 


Z[Vi^x.  +(k‘,£3  -kL)Hx.s]  =  Z["jk«coeoc2Ei.s  +  k2(oe0(E3  - e,)eI  x  Eis-(Vx 


The  longitudinal  field  components  Els  and  H2S  can  be  found  by  using  the  same  substitutions  mentioned 


before. 


In  the  plasma-free  case,  (58)  and  (59)  reduce  to: 


2>i^ +(k‘  -kL)E  J  = 

s  i  \  ^0^1 

+  (k’  -  kLjH,.,]  =  -£(V  x 


and  when  cop*0,  Bo-*°o,  they  reduce  to: 


£{v; E,,  +[k-  -  kj,(l-o>;  /o)1)]!,.,}  =  X  jon',1^  - 


!^l,xHil+^ 
o)  '  e„ 


ZjvlH^  +[k’(l  -coj  /B^-k^H,,}  =  X  — MA  *  E,x  -(?*  J,), 


and  when  B0-*0,  we  have: 


E{vi£i*  +  [k’(l-“;/«’)-k«]Si,}-X  i<Wn  +  — 


X{^HiJ+[k!(l-a.;/o.!)-k;j]H1,)  =  -X(Vxjl)i 
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The  interaction  equations  obtained  above  can  be  used  for  both  linear  and  non-linear  beam-wave 
interactions  in  general  cases  for  either  a  vacuum  or  a  plasma  fill.  It  should  also  be  pointed  out  that 

longitudinal  and  transverse  interactions  are  also  both  present  in  a  periodic  structure  provided  that 
transverse  electron  motion  is  present. 

V.  Dispersion  Equations  of  Electron  Beam-Wave  Interactions  in  an  MPW  Usin°  a 

to 

Fluid  Model 

Based  on  the  interaction  equations  given  in  the  last  section,  the  dispersion  equations  for 
different  kinds  of  beam-wave  interactions  in  an  MPW  can  be  obtained.  Those  for  longitudinal 

interactions,  for  the  case  of  a  TWT/BWO,  and  for  transverse  interactions  are  discussed  individually  in 
the  three  subsections  below. 


A.  Dispersion  Equations  for  Longitudinal  Interactions 

Starting  with  (22),  Appendix  B  derives  the  following  dispersion  equation  (B-5): 

c4k«~k*o)^+jW2(kI-k20)PHE  =-j(opoE|  JJj2E;ods  +  ^.JJpE;ods  (66) 

Plasma  Cherenkov  radiation  devices  typically  rely  on  longitudinal  interactions.  The  dispersion 
character  of  wave  propagation  along  an  MPW  without  an  electron  beam  (see  Appendix  A)  can  be 
described  by  this  dispersion  equation.  From  this  equation  we  can  also  get  kz0.  One  sees  that  without 
dielectric  loading,  all  the  waves,  except  the  plasma  wave  modes,  are  fast  waves.  In  plasma  Cherenkov 
devices,  therefore,  it  is  necessary  to  insert  dielectric  loading  or  to  use  a  corrugated  waveguide. 

From  (22),  the  continuity  equation  yields: 


-  Ifi  - 


and  by  using  a  fluid  model  for  the  electron  beam,  we  obtain 


_  .  COS0(Ob  c 

K  ,  \2 

(o)  -kjV0) 


We  can  then  rewrite  the  dispersion  equation  (66)  as: 


-k;0)PE  +  -kz0)PHE  — ^PE 

(co -k2v0) 


where: 


pe  =  JJe,-e> 

P.,E  =  JJh,E> 


Here  k20  is  determined  by  the  dispersion  equation  for  the  plasma  filled  waveguide  without  an  electron 
beam  and: 

tOb  =  P°,e  ;  Yo  =(1"Po)  ,/J  ;  Po  =  voV^  (?1) 

•  m0Yo£0 

where  p0  is  the  equilibrium  charge  density  of  the  electron  beam,  and  v0  is  the  equilibrium  velocity  of 
the  beam.  The  calculation  of  beam  current  using  kinetic  theory  is  given  in  Part  II  of  this  paper. 

The  solutions  of  (69)  can  be  obtained  easily  as  follows: 


A  e3  + '/ 


(o>-k2v0) 


{-jwPo^PHE  ±{-“2Po£:Ph 


4  e3  + 


(®-k,v0)* 


. . ;j  PE  k?20e3PE  +  jcop0£:PHEkt0  +  -r PE 


(co  -  kIv0)- 


From  (72),  we  derive  the  instability  criteria  for  plasma  Cherenkov  radiation  to  be: 


4  e,+ 


(d>-kzVo) 


CO  w  _  2  i  i  •  Pup  t 

~ — rp  PE  k;0e3  +  -^-kzo  + 
k  vn)  PE 


(co  -  k2v0)- 


t  <arpo£;P,,E 


When  coc=0  and  PHe=0,  (72)  yields: 


-  n 


k  -k1  - 

K  »  KzO 


_  co;(e,k2 -k^) 
(©-kzVzo)2 


For  the  plasma  filled  case,  when  B0-^oo  or  B0-»0,  (74)  becomes: 

E.(k.-ki.)°r  f  ..(^-ki) 

(co  -  kjV^)  ’ 

Equation  (75)  is  the  same  as  that  given  in  [22],  The  instability  criteria,  (73),  then  reduces 


(®“k*vo) 


b  1  2  Cl)  ZE,  k* 

ZT  kJj0e3+— ^-L_  <0 


(co  —  k2  v’o)* 


B.  The  Dispersion  Equations  for  a  TWT/BWO 

In  a  BWO  or  TWT,  a  corrugated  waveguide  is  often  used.  From  (48),  we  can  follow  the  same 
procedures  as  those  of  Section  1  of  Appendix  B  to  obtain: 


I[£>(kL  -  k:«,)pE.  -  -  k*,)PM4]  = 

I  -W.e,jJj,E;(ds  +  i.JJpE> 

*  L  eo 


that  can  be  rewritten  as 


1[‘>K .  l[#ki  ~ k")  p.. 

‘  ‘  L  (®  “  kI4v0) 

If  only  the  synchronous  term  is  considered,  we  get: 


£>(kM  )PE<  +  =  ^(e'k'-k‘,’>PM 

(“-k„v,) 

In  the  case  of  no  plasma  fill,  (78)  reduces  to: 


-  20  - 


(80) 


E(k  L-k!.x.=4rr-% 

*  sl(“-kzJVo) 


If  we  only  take  one  synchronous  term  s=q  in  (80),  we  get: 


ip  “;(k!-kL) 

\Kz.q  Kz0.q)rE,q  ”  .  ,2 

(W-kz.,Vo) 


Eq.  (81)  is  the  same  as  that  given  in  [25]. 


C.  The  Dispersion  Equations  for  Transverse  Interactions: 

A  typical  and  very  important  transverse  interaction  is  that  found  in  the  ECRM.  We  now 

consider  this  interaction  with  a  plasma  fill.  From  (36),  the  procedures  of  Section  1  of  Appendix  B 

\ 

yields  the  following  dispersion  equation: 

e3(ki-kl0)pEj  +jcop0e2(kI-kl0)PHEi  +cop0(e3  -e,)(kz  -kl0)PEHi  = 

-W.t,  JjJ,  '  -  JJ(V1p)i  •  El,ds  <82) 

£0 

When  plasma  is  absent  and  the  space  charge  term  is  neglected,  (82)  reduces  to; 


which  can  be  rewritten  as: 


-k.’-kjjH^JJV^ds 


Equation  (84)  is  simply  the  one  used  for  vacuum  gyrotron  devices  [27). 
For  a  corrugated  waveguide,  (82)  becomes: 


X[Ej(k»  -  klo)PEj 4  +  j“Poe2(kZJ  klo)PHE,  .5  +C)Po(e3  £l)(kZ.J  kzo)PeM  .> 
S 

=  "X  j“PoE,  Jpx4  •  E’x04ds  +  7”  JJ(VxP)x  •  E’i04ds 
1  L  Eo 


-  El  - 


For  the  vacuum  case,  the  space  charge  term  is  neglected  and  we  obtain: 


Hk*-«  ~  kIo)PEj4  «  ~Z  ‘KoA  (86) 

*  S 

At  this  point,  it  is  important  to  again  remember  that,  for  the  case  of  a  magnetized  plasma  fill,  transverse 
interactions  are  accompanied  by  longitudinal  interactions. 

Several  important  points  must  be  highlighted  here.  First,  according  to  (9)-(14),  each  field 
component  is  split  into  four  parts,  and  correspondingly,  Jz  and  JI  are  also  divided  into  four  parts. 
Second,  it  therefore  follows  that  each  of  the  integrations  (PE,  PEx,  PHE)  p1|El)  |Jjt  •  E*0ds  and 

JP»  Ewo^s)  has  16  terms.  This  makes  the  interaction  and  dispersion  equations  very  complicated. 

Th^rd.jbecau^ofjh^couplin^of  the~TE  and  TM  modes,  Ez  and  Ex  always  exist  simultaneously^ 
(Therefore/we  always  have  transverse  and  longitudinal  interactions  together.  This  is  the  most  important 
feature  of  beam-wave  interactions  in  a  magnetized  plasma  waveguide. 


VI.  Theoretical  Analysis  of  Electron  Beam-Wave  Interactions  in  an  MPW  with  an 
Ion-Channel  Taken  into  Account 

As  mentioned  in  the  introduction,  when  an  electron  beam  is  injected  into  a  plasma,  an  ion- 
channel  may  be  formed  if  the  beam  density  is  relatively  high.  In  most  published  papers  dealing  with 
beam-wave  interactions  in  plasma  waveguides  [1],  [3]-[5],  [8],  [9)  the  ion-channel  effect  is  neglected. 
This  is  valid  when  the  beam  density  is  so  low  that  the  effects  of  the  electron  beam  on  the  plasma 
background  are  not  significant.  However,  when  the  beam  density  is  high,  say^n7»np  (or  even" 
where  nE  is  the  beam  density  and  the  np  is  the  background  plasma  density,  the  ion-channel 
may  play  an  essential  role  in  beam-wave  interactions  and  cannot  be  neclected. 


A  theoretical  analysis  of  electron  beam-wave  interactions  in  an  MPW  with  the  ion-channel 
taken  into  consideration  is  given  in  this  section  using  a  fluid  model.  The  theory  for  a  plasma  filled 
ECRM  with  an  ion-channel  will  be  given  in  Part  II  of  this  paper.  First,  a  general  review  of  the 
formation  of  an  ion-channel  is  presented  in  Subsection  A  below.  Subsection  B  then  deals  with  the 
dispersion  equations  for  longitudinal  beam-wave  interactions  in  an  MPW  with  the  ion-channel  taken 
into  account.  The  corresponding  transverse  interactions  are  analyzed  in  Part  II  of  this  paper  using 
kinetic  theory.  Beam-wave  interactions  in  an  unmagnetized  plasma  waveguide  are  also  included  there. 
Some  detailed  derivations  are  provided  in  Appendix  C. 

A.  The  Formation  of  an  Ion  Channel  in  an  MPW 

Electron  beam  propagation  through  plasma  has  been  an  important  topic  of  study  in  both  physics 
and  electrical  engineering  for  a  long  time  [16]-[1 8].  In  this  section,  we  first  give  a  general  review  and 
then  present  some  assumptions  to  be  used  in  the  detailed  analysis. 

As  an  electron  beam  propagates  through  a  plasma,  it  continuously  expels  plasma  electrons 
away  from  the  beam  volume.  This  expulsion  is  partial  or  complete  depending  on  the  ratio  of  the  beam 
density  to  the  background  plasma  density  (nt/np),  leaving  the  heavy  ions  of  the  plasma  to  provide 
focusing  and  neutralization  for  the  beam.  Therefore,  for  the  case  where  the  beam  density  is  relatively 
high,  an  ion-channel  can  be  formed.  A  rough  estimate  can  be  made  that  the  radius  of  the  ion-channel, 

Ri ,  as  R,  =  b(nb  /  np)wl ,  where  b  is  the  radius  of  electron  beam.  This  implies  that  when  nb  >  np,  the 

ion-channel  radius  is  even  larger  than  that  of  the  electron  beam. 

In  the  theoretical  analysis  that  follows,  we  will  deal  with  both  a  solid  and  a  hollow  electron 
beam.  The  solid  beam  case  is  shown  in  Fig.  1(a)  and  that  for  a  hollow  beam  in  Fig.  1(b). 


SB 


Fig.  1  shows  that,  for  a  solid  beam,  the  ion-channel  is  formed  both  inside  and  outside  the  beam 
radius  if  nb  >  np.  For  a  hollow  beam,  an  ion-channel  can  be  formed  in  the  beam  volume  itself  as  well 
as  outside  that  volume,  but  inside  the  beam  radius,  the  plasma  still  remains. 

Based  on  the  above  discussion  of  ion-channel  formation,  the  following  concepts  of  the  model 
for  further  analysis  can  be  deduced.  Since  we  are  using  the  “applied  field”  approach,  the  following 
models  for  studying  the  longitudinal  and  transverse  interactions  are  very  useful,  as  shown  in  Fig.  2. 
Under  the  “applied  field”  approach,  it  is  understood  that  both  the  electron  motion  and  also  the 
perturbed  electron  current  density  are  calculated  by  assuming  that  the  beam'electrons  are  moving  in  the 
field  of  the  plasma  waveguide  without  the  electron  beam  present.  Therefore,  now  with  the  ion- 
channel,  we  have  two  “plasma  waveguide  models”,  as  shown  in  Fig.  2(a)  and  Fig.  2(b).  Introducing 
the  concept  of  the  “plasma  waveguide  model”  greatly  simplifies  the  theoretical  analysis  that  follows. 
Our  first  step  in  studying  the  beam-wave  interactions  is  simply  to  calculate  the  field  in  the  “simplified 
plasma  waveguide  model.” 

Using  this  approach,  the  interaction  equations  and  the  dispersion  equations  given  in  Sections 
III,  IV,  and  V  can  also  be  used.  The  only  necessary  modification  is  that  now  the  beam-wave 
interactions  take  place  in  the  ion-channel  region. 

B.  Dispersion  Equations  for  the  Longitudinal  Interactions 

As  mentioned  above,  we  now  calculate  the  field  in  the  “simplified  MPW  Model”  for* 
longitudinal  interactions  involving  a  solid  electron  beam.  This  model  is  shown  in  Fig.  2(a),  and  the 
detailed  derivations  can  be  found  in  Appendix  C.  Since  the  beam-wave  interactions  take  place  in  the 
ion-channel  region.  (66)  from  Section  V  above  can  be  used: 

=  -;'W,  0ds  +  —  \\pE\od*  (87) 

*0 


EH 


In  this  equation,  we  consider  that  in  the  ion-channel,  e,  =1  —  00p/<o2  and  s2  =0,  and  that  for  the 
heavy  ions,  /  to  =  0.  Then,  a  similar  dispersion  equation  can  be  obtained: 


(88) 


It  should  be  noted  that  in  (87)  and  (88),  kz0  denotes  the  phase  constant  for  wave  propagation  in  the 
“simplified  MPW  model”  shown  in  Fig.  2(a). 

It  is  not  difficult  to  derive  the  dispersion  relation  for  longitudinal  interactions  in  a  corrugated 
MPW  with  an  ion-channel  as  follows: 


If  one  only  considers  the  synchronous  term,  this  reduces  to: 

“  ~  >-*„ vj 

where  “s"  indicates  the  s-th  spatial  harmonic. 


£j 


(89) 


(90) 


C.  Interactions  in  Devices  Such  as  the  PASOTRON 


Beam-wave  interactions  may  also  take  place  in  plasma  waveguides  without  a  magnetic  field. 
The  PASOTRON  device  [14],  [26]  is  a  good  example  of  this  case.  Here  we  consider  such  interactions 
with  an  ion-channel  taken  into  account.  We  begin  with  the  smooth-walled  configuration.  For  that 


case,  the  field  expressions  are  as  follows  (only  considering  the  TM  mode)  (see  Fig.  2a.): 
For  Region  I  (i©naittmcljegion,\lj(^.^-^Ri> ) : 


T 


E.  =  A,Jm(pR)  +  A2Nmi(pR) 

EK  =-^-[A,Jm(pR)  +  A2Nm(pR)] 
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(91) 
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H.  =  ~[  V.(P*>  +  AA'.(M)]  s/ 
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For  Region  II  (jjJasmajregion,  R ink-Rf&f): 

E'-A,Jm(k,R)  -y 


k*R 


V  _  _ 


H*=-^jjlA>UKX)] 


S'  '  ./ 


(100) 


H,=-if±[Ay Jm(kfR)]  \/ 


(101) 


where 


p1  =  k2  -k]e 


(102) 


k;  =k2  -k: 


The  boundary'  conditions  are: 


At  R=a:  Ed  -  0 


(104) 


At  R=R,:  E„  =ElUE-=_E-  J-^r  '  Hf7£ 


Simple  mathematics  yields  the  coefficients: 


(106) 


VII.  Sample  Numerical  Calculations  for  Longitudinal  Interactions 

In  the  preceding  sections  of  this  paper,  complete  theoretical  formulations  for  beam-wave 
interactions  in  an  MPW  have  been  derived.  In  order  to  illustrate  the  theory,  computer  calculations  have 
been  carried  out  for  longitudinal  interactions  for  some  sample  cases.  The  calculations  clearly  show  that 


there  are  many  unique  and  significant  features  of  beam-wave  interactions  when  a  magnetized  plasma 
fill  is  present. 

Computer  calculations  for  BWO  and  Cherenkov  radiation  have  appeared  in  previous  papers  [9], 
[10],  [22].  Therefore  we  concentrate  on  a  different  configuration,  namely  that  of  a  circular  cylindrical 
waveguide  filled  with  a  thin  annular  plasma  and  a  thin  annular  electron  beam  propagating  and 
interacting  with  the  wave  as  shown  in  Fig.  3.  Since  the  corresponding  experimental  work  has  already 
been  published  [28],  we  are  able  to  compare  our  calculations  directly  to  those  results.  Since  there  is 
only  a  thin  annular  plasma  background,  the  ion-channel  effect  can  be  neglected  and  the  interaction 
equations  (66)  and  (69)  from  above  can  be  used: 


£>(^-^o)p£  +y<w2(*I  =  -./w,  +  — 


'dS  +  ~  SSPE‘“dS 
*0 

(HD 

:)2  E 

(112) 

In  order  to  find  kj0,  P £  and  P Hg,  the  simplified  plasma-filled  waveguide  model,  that  is  the 
waveguide  filled  with  an  annular  plasma  but  without  an  electron  beam,  will  be  studied  first.  The 
detailed  solution  is  as  follows. 

Referring  to  Fig.  3,  a  hollow  waveguide  is  filled  with  an  annular  plasma  (Region  II)  of  outer 
and  inner  radius,  r p  and  rf  i  but  without  an  electron  beam.  Then  the  field  component  expressions  for 
the  different  regions  can  be  written  as  follows: 

For  Region  I :  r*  <  R  <  Rf  between  the  annular  plasma  and  the  waveguide  wall 

E!*A,Jm(ktR)  +  AaNm(k'R)) 

H!  +  J  •' 


For  Region  II:  r~  <  R  <  r*  inside  the  annular  plasma  volume  itself 


e’  =  V.O»i*> + 4  Kip,*)  +  V.(M) + W.(p,R) 

»"  -  A,h,J.(.P,R)+  A,h,N.(p,R)+  Ash,J.(p,R)  +  A,h,Nm(p,R) 
For  Region  III:  0  <  <  r"  inside  the  volume  enclosed  by  the  annular  plasma 


El"  « 

H"  =  V.(M> 

with  the  boundary  conditions: 


(114) 


at  R  =  Rc : 

E[  =0, 

El  =0 

(116) 

at  R  =  r;: 

E\  =  E" , 

Oi 

II 

t>l 
*  =: 

n 

N  _ 

Hi  =  H" 

9  9 

(117) 

at  R  =  r~ : 

e"  -  e"‘  , 

EH  =  E'“ 

H'J  =  Hi", 

H'J  =  Hi" 

(118) 

The  components  ER,  Ef,  HR,  H p  can  be  found  by  using  (A-3)-(A-6)  in  Appendix  A.  Then, 

substituting  the  field  component  expressions,  (113)-(115),  into  the  boundary  conditions,  (11 6)-(l  1 8), 
yields  the  individual  elements  of  the  dispersion  relation: 


au  an 

fl2l  fl22 


a:.io 


flIO.I  fll0.2 


Using  (119),  we  can  calculate  the  dispersion  relation  without  an  electron  beam  present.  Thus,  the 
fields  £.0  and  Hl0  can  also  be  obtained.  Then,  we  can  get  PE  and  P„e  by  using  the  equations, 

PE  =  l\E,0E;ods  (120) 

P/ie  ~  o '  El0ds 


-  SI  - 


(121) 


So,  according  to  (66)  and  (69)  in  Section  V  or  (111)  and  (112),  the  longitudinal  interactions  of  the 
plasma  waves  and  the  electron  beam  have  been  calculated. 

We  find  that  there  are  at  least  two  differences  between  our  work  and  the  experiment  cited  in  [28], 
They  are  as  follows: 


1)  The  authors  of  [28]  stated  specifically  that  only  “the  E-mode”  (i.e.  -  the  TM  mode)  were 


considered  there.  However,  theory  [19],  [20]  demands  that  in  an  MPW  the  “E-mode”  cannot  exist 
independently.  Only  the  hybrid  modes,  HE  or  EH,  are  allowed. 

2)  It  was  also  indicated  in  [28]  that  the  modes  for  which  the  cut-off  frequency  is  zero  and  the 
phase  velocity  is  less  than  the  speed  of  the  light  were  used.  Therefore,  the  mode  used  in  [28]  belongs 
to  the  "plasma  waves”  or  “T-G  modes”  With  an  annular  plasma  fill,  our  calculations  show  that  only  a 
symmetrical  mode  with  m=0,  (HEo*  or  EH0n  with  no  azimuthal  variation),  may  have  zero  cut-off 
frequencies.  The  cut-off  frequencies  of  all  asymmetrical  modes  are  not  zero.  That  is  the  essential 
difference  between  a  solid  plasma  fill  and  the  annular  plasma  fill.  Therefore,  our  calculations  are 
mainly  focused  on  the  m=0  mode. 


/  The  results  of  the  numerical  calculations  are  shown  in  Figs.  4  -9.  Fig.4  shows  the  dispersion 
cun-e  of  the  HE01  mode  for  different  values  of  np  (2xlOl3/cm\  4xlOl3/cm3,  6xlOl3/cm3  ,  8xl0,3/cm3 

and  IOxIO'W).  The  cut-off  frequency  for  all  the  curves  is  zero.  Fig.5  shows  the  dispersion  curves 

1 

for  the  simplified  plasma  waveguide  model  (plasma-filled  waveguide  without  an  electron  beam)  for  the 

i 

asymmetric  mode,  HE,,.  It  shows  the  intersections  of  the  dispersion  curves  with  the  light  line,  c,  and 
the  electron  beam  line,  500keV.  The  intersection  is  at  about  15  GHz,  higher  than  that  for  the 
symmetrical  mode.  Fig.  5  clearly  shows  that  the  cut-off  frequencies  for  the  asymmetrical  modes  are 


‘.not  zero.  Fig.  6  shows  the  real  part,  R e(L),  for  the  beam-wave  interactions  of  the  HE0i  mode.  The 
imaginary  part,  Im(*.),  is  shown  in  Fig^.  These  plots  show  that  the  instability  may  exist  in  quite  a 
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broad  frequency  band.  The  corresponding  plots  for  the  interactions  with  the  HEn  mode  are  shown  in 
Fig.  8  and  Fig.  9. 

Direct  comparison  between  our  numerical  calculations  and  the  experimental  results  given  in 
[28]  (Fig.  2(d)  in  [28]  for  example)  shows  good  basic  agreement.  However,  our  calculations  do  not 
agree  with  the  theoretical  calculations  given  in  Fig.  4  of  [28].  This  is  understandable  since  we 


calculated  the  hybrid  mode  while  in  [28]  the  “E-mode”  was  used. 


A  very  interesting  new  result  of  our  calculations  is  that  the  frequency  for  the  peak  growth  rate 
of  the  interaction  instability  is  far  from  the  frequency  at  which  the  beam  line  is  tangential  to  the 
dispersion  curve  for  the  plasma  waveguide  without  a  beam.  This  is  perhaps  one  of  the  main 
'differences  .between  the  MPW  and  the  vacuum  case.  This  is  worthy  of  further  study. 


VIII.  Some  Possible  New  Interactions  in  an  MPW 


There  are  varieties  of  propagating  waves  in  an  MP^jWhen  a  driving  electron  beam  is  present, 
there  must  naturally  be  some  coupling  between/among  waves.  Such  coupling,  of  course,  may  lead  to 
some  instabilities.  In  reference  [10],  for  example,  i  parametric  coupling  excitation  was  presented.  It  is 
suggested  that  the  T-G  mode  parametrically  couples  with  a  TM  mode  to  excite  a  negative  energy  beam 
mode.  The  beam  mode  feeds  energy  into  the  positive  energy  T-G  and  TM  modes  giving  rise  to  an 
explosive  instability. 

In  an  MPW,  the  mechanism  is  actually  somewhat  different  from  that  given  in  [10].  Here  the  T- 
G  mode  parametrically  couples  with  either  the  EHmn  or  HE,,,,,  mode,  or  even  with  one  of  the  cyclotron 
modes,  and  then  excites  the  electron  beam.  Now  there  are  two  transverse  wave  numbers,  pi  and  p2,  so 
the  excitation  condition  should  be  modified  also.  Considering  the  varieties  of  waves  that  can  propagate 
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in  an  MPW,  the  formulations  become  much  more  complicated,  some  results  will  be  given  in  a  future 
paper  by  the  authors.  _ 

/  There  exists  a  special  kind  of  wave  family  that  can  propagate  in  an  MPW  in  the  frequency 

/ 

/  range:  (cop  <  co  <  co c  or  wc  <cd  <cop),  called  the  cyclotron  modes.  In  particular,  some  of  these  waves 
are  inherently  backward  waves  (negative  dispersion).  This  may  therefore  constitute  a  new  interaction 
mechanism  with  the  cyclotron  waves.  Similarly  for  backward  waves,  a  new  type  of  BWO  might  be 
\  constructed  without  the  need  for  a  periodic  structure.  The  formulations  of  beam-wave  interactions  with 
cyclotron  waves  parallel  those  given  in  Sections  III  and  IV  abov^yln  principle,  the  slow  cyclotron 
waves  may  also  be  used  as  pump  waves  for  parametric  excitation. 

The  ion-channel  produced  by  an  electron  beam  propagating  in  a  plasma  complicates  the  beam- 
wave  interactions.  When  there  is  no  external  guide  magnetic  field,  an  ion-channel  laser  may  result. 
When  the  external  guide  magnetic  field  is  not  zero,  there  will  exist  a  new  kind  of  hybrid  interaction. 
The  authors  are  preparing  another  paper  to  analyze  and  discuss  this  new  hybrid  instability  [29]. 


IX.  Discussion  amhAnalysis  c—  t 


The  general  formulations,  including  the  general  interaction  equations  and  dispersion  equations, 
given  in  this  paper  cover  almost  all  kinds  of  beam-wave  interactions  in  a  waveguide  with  and  without  a 
plasma  fill.  Now  based  on  these  formulations,  the  following  observations  can  be  made  concerning  the 
specific  influences  and  roles  of  the  magnetized  plasma  fill  itself. 

1.  Physically,  the  cyclotron  motion  of  the  background  plasma  electron  plays  a  very  important 

role.  Because  of  it,  we  have  t2  =  --p— 2  *  0  {see  (7)}.  This  gives  rise  to  the  coupling  between  the  TE 


and  TM  modes , 


It  also  produces  the  additional  parts  of  the  wave  field 
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components  associated  with  kj  =  kJe2.  These  parts  of  the  wave  field  are  directly  involved  in  the 

beam-wave  interactions.  )j-v _ _ _ _ _ _ _ _ _ _ _ 

^^jThe  field  patterns  in  an  MPW  are  much  more  complicated  than  those  in  a  vacuum 

f  waveguide.  The  field  structure  is  completely  changed.^^THere  are- two  eigenvalues  and  two  \ 

- - - ~  .  -  .  _  ; 

^corresponding^eigenftinctions.  The  plasma  background  produces  additional  parts  of  the  wave. 

Therefore,  all  field  components,  E*  for  example,  may  be  divided  into  four  parts:  ! 

E,  =  E„  +  E.2 +E.lp+E.,p  where  E„,  is  produced  by  Hz  =  A,h,Jm(p1R)+ A:h:Jm(p;R)  and  is 

called  the  TE-like  part.  is  produced  by  Ez  =  A,Jni(p,R)  +A2Jm(p,R)  and  is  called  the  TM-like  , 
part,  and  E»,p  and  Eoip  are  additional  parts  due  to  the  plasma  background.  All  of  these  parts  are  | 

i 

involved  in  the  beam-wave  interactions,  vastly  complicating  them.  • 

Similarly,  the  RF  current  density  components  gain  two  plasma  parts  as  follows:  | 
Jf  =  +  J„p  +  J»2p.  and  Jz  =  J„  +  Jl2  +  Jtlp  +  Jl2p  (See  Part  II  of  this  paper). 

Beam-wave  interactions  mainly  depend  on  the  term  JJJ-E*ds.  Therefore,  the  magnetized 
plasma  fill  greatly  complicates  the  interactions  in  the  following  manner: 

|pj ,  Ej.ds=  jjjf  •  Epds  =  +J„EvJ  +  J„|E0lp  +J,,Eo2p  +JpipE#l  +J„,pE0j  +  JplpE„,p 

h^*lp^»!p  +^*J  ^*1  ^<p2^<plp  ^*2  ^»2p  +  ^<p2p^ipl  +  ^<(>2p^tp2  +  ^«2p^u>lp  <p2p  ^  ip2p  -  The 

same  is  true  for  JJj2  •  E‘ds.  Since  JJJX  •  E^ds  represents  the  transverse  beam-wave  interaction,  and 

7  7 

since  Jjj,  •  E*ds  represents  the  longitudinal  beam-wave  interaction,  and  iince  both  EA  and  E*  always 

/  exis^pwe  can  'see' clearly  that  transverse  interactions  are  always  accompanied  by  longitudinal 
/  interactions.  So  beam-wave  interactions  in  an  MPW  are  much  more  complicated  and  richer  than  those 


for  the  vacuum  case. 


— 1~ 
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3.  An  instability  of  the  longitudinal  interactions  and  that  of  the  transverse  interactions  may  or 
may  not  occur  at  the  same  frequency.  The  instability  will  of  course  be  enhanced  when  they  do  occur  at 
same  frequency.  When  they  occur  at  different  frequencies,  a  spurious  spectrum  will  occur. 

4.  When  an  electron  beam  is  injected  into  a  plasma,  an  ion-channel  may  be  formed  if  the  beam 
density  and  energy  are  sufficiently  high.  Then  the  analysis  of  beam-wave  interactions  must  take  the 
ion-channel  into  account. 


rX-Conclusions— 

jUt-^  Jhe  basic  theoiy  of  electron  beam-wave  interactions  in  a  waveguide  filled  with  plasma 
immersed  in  a  finite  magnetic  field  has  been  presented  in  this  paper.  ^The  interaction  equations  and 


dispersion  relations  for  both  longitudinal  and  transverse  interactions  in  a  magnetized  plasma  have  been 
formulated.  These  equations  cover  almost  all  kinds  of  beam-wave  interactions.  They  can  also  be  used 
for  any  parametric  excitations  that  may  exist.  The  interaction  equations  can  be  used  for  both  linear  and 
non-linear  waves,  but  the  dispersion  relations  can  only  be  used  for  the  linear  case.  The  theory  given  in 
this  paper  is  only  valid  as  long  as  the  plasma  background  is  not  distorted;  that  is,  as  long  as  the 
background  plasma  can  be  described  by  the  permittivity  tensor  given  in  (6)-(8). 

From  the  formulations  given  in  this  paper,  eight  major  results  were  obtained.  First,  the 
/importance  of  the  background  plasma  is  that:  1)  The  electron  gyrating  motion  of  the  background 
plasma  couples  the  TE  modes  and  TM  modes,  2)  This  coupling  generates  the  hybrid  HE  mode  and  EH 
mode,  also,  because  of  the  magnetized  plasma,  there  are  varieties  of  modes  propagating  along  the 


r 


waveguide,  and  3)  The  background  plasma  itself  is  involved  in  the  electron  beam-wave  interactions  by 


producing  additional  parts  of  the  wave  that  depend  on  the  gyrating  motion.  Thus,  the  magnetized 
background  plasma  makes  the  electron  beam-wave  interactions  much  more  complicated  and  rich. 


”  \  Second,  since  the  TE  and  TM  modes  are  always  coupled,  in  an  MPW,  Ez  and  E^  always  exist 
simultaneously.  In  plasma-filled  microwave  devices,  therefore,  there  are  no  pure  transverse 
interactions.  They  are  always  accompanied  by  longitudinal  interactions  with  corresponding  slow 
waves  that  can  exist  in  an  MPW  both  for  smooth  and  corrugated  walls.  Likewise  there  is  no  pure 
longitudinal  interaction.  If  there  is  any,  even  small,  transverse  electron  motion,  there  must  be  some 
transverse  interaction.  It  is  inherent  in  an  MPW  that  the  transverse  and  longitudinal  interactions  arc 
coupled. 

Third,  since  there  are  varieties  of  waves  in  an  MPW,  when  the  electron  beam  is  present, 
coupling  between/among  waves  may  happen.  The  low  frequency  plasma  modes  (T-G  modes  or  even 
cyclotron  waves)  may  serve  as  the  pump  wave  and  parametric  excitations  may  be  obtained. 

Fourth,  there  is  a  special  kind  of  wave  family  in  the  frequency  range:  (cop<co<coc  or 
co{  <  co  <  cop),  called  cyclotron  modes.  The  waves  in  this  family  are  all  electromagnetic  waves.  They 
can  interact  directly  with  the  electron  beam,  since  their  phase  velocities  may  be  less  than  the  speed  of 
light.  In  particular,  some  of  the  cyclotron  waves  are  inherently  negative;  they  are  natural  backward- 
waves.  These  inherent  backward-waves  may  even  be  used  for  building  backward-wave  oscillators 
without  periodic  structures. 

Fifth,  the  instabilities  caused  by  longitudinal  and  transverse  interactions  may  lead  to  two  cases: 
(a).  If  two  instability  mechanisms  occur  at  the  same  frequency  or  in  the  same  frequency  band,  if 
properly  adjusted  (i.e.-  carefully  tuned),  the  instability  will  be  dramatically  enhanced,  (b).  If  two 
instability  mechanisms  occur  at  different  frequencies  or  frequency  bands,  then,  spurious  oscillations 
may  occur. 

Sixth,  the  coupling  between  TE  and  TM  modes  in  the  waveguide  and  the  intensity  of  the 
interactions  due  to  the  participation  of  the  plasma  depend  on  the  plasma  electron  gyrating  motion  and 
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the  plasma  background  density.  It  is  proportional  to  the  parameter  k2  =  k2c  =  -k2  —  F  -  M|> 

1  *  2  -  2  *  S  > 

l-T*  0) 


\ 

\ 


co. 


t  J  .  Thus,  adjusting  the  magnetic  field  and  the  density  of  the  background  plasma  is  important  for 

the  design  and  operation  of  plasma-filled  devices.  Those  parameters  thereby  permit  frequency-tuning 
of  a  given  device  [30]. 

Seventh,  when  an  ion-channel  is  formed,  any  theoretical  analysis  of  the  system  must  take  it  into 
consideration.  One  of  the  most  convenient  approaches  is  to  use  our  simplified  plasma  waveguide 

™>dcl  for  a  solid  beam  or  for  a  hollow  beam.  The  electron  beam-wave  interactions. take  place-in  the^ 
ion-cKiiTmel-region  itself.  _ - — - — " 

Finally.  6ur  theoretical  predictions ^fkm  that,  in  general,  the  frequency  spectrum  and  the 
spurious  output  of  plasma  filled  devices  cannot  be  of  as  high  a  quality  as  that  of  vacuum  devices.  That 
appears  to  be  the  main  price  we  must  pay  for  enhancing  the  output  power  and  efficiency  of  microwave 
devices  by  means  of  a  plasma  fill. 


-  3b  - 


Appendix  A:  Basic  Equations  /  Properties  of  Wave  Propagation  in  an  MPW 

In  this  appendix,  a  detailed  derivation  of  the  basic  equations  and  illustrations  of  the  character  of 
wave  propagation  in  an  MPW  are  given.  These  equations  and  characteristics  are  necessary  for  a  full 
appreciation  of  the  results  presented  in  this  paper. 


1.  Basic  Equations: 


The  longitudinal  field  components  in  a  smooth-walled  MPW  are  given  in  (1)  and  (2)  as: 


H,  =  '*lh]Jm(plR)  +  A2h2Jm(p2R) 


(A-l) 


(A-2) 


The  transverse  field  components  can  be  derived  from  (1 1)  by  assuming  a  form  like  (A-l )  and  (A-2)  for 
each  field  subcomponent  and  making  the  substitution  from  (3)  and  (4): 


(A-3) 


E*  =  D\Jk‘Ki[A'P'J”(P'R)+  A2P2^(P2R)]~  JKkl  +  + 

Wokl[AAPlJm{PlR)+  AihlPlJm(PiR)Y^MoK2  A2h2Jm{P2R)^ 

E ,  =  AiPlJm{PlR)Y  k,K'  A)Jm{ptR)  + 

A2  Jm  {Pi  *  )]  +  jm 0K*  [  A,  h\  P\  Jm  ( P .  *  )  +  A2 h2  Pz  Jm  (Pz *  )]  + 

j*>P oK  j[AAJ.{PlR)+  A2h2^.(P2E)ff 


(A-4) 


[AxJSP\R)+  A2Jm{P2R)\- jkzK\AAP\Jm{PlR)  +  AAP2Jn{P2R)\ 

-]k,k)  j[A,h,J.(PlR)+  /I, M. (/>,*)]} 


(A-5) 


f  d*JA  u  ryLu.J.  tj 

o’ 


[VmM  +  ^^(/»^)]  +  *I*f,[Mpl^(p.^)  + 

„\ _ _ ~^~[/^A^«(/?l^)  +  -^2^2*^».(P2^)]| 

where:  D  =  K4-k;  K*  - -kj  +  kae,  kj  =  (o^e,  =  k5e,  £g=je, 
%V$-JL±Ji — !^°,  4p  ~ 

Y/^The  dispersion  relationcan  beobtained  from  (22),  (A-l),  and  (A-2)  as  follows: 

p/.(p,K )J.(p,K,)  JKK  +Jy^(e,K!-‘y,)]-P!J.(p:*,)J.(p,KY 

K:t2  J 


(A-6) 


(A-7) 


(A-8) 


For  a  corrugated  waveguide,  the  field  components  should  be  expanded  using  Floquet's  theorem  [31]. 


E. = If'*, *7,j.(p>.r)Y*-‘ 

*  J 

WTiere  the  wave  factor  exp(jcot  +  jk„z)  is  implied  in  the  above  but  not  shown,  and 


(A-9) 


(A- 10) 


k//,n  —  k/;  +  ■ 


(A-l  1) 


and  L  is  the  spatial  period. 


The  expressions  for  the  transverse  field  components  {er.E9.Hr.H9)  may  be  obtained  by 
using  Floquet’s  expansion  of  the  respective  equations.  We  also  have  the  eigenvalues  for  the  corrugated 


waveguide: 


(ft*)!  S2£~[~k^(S>  +f:)  +  *J(f,*J+-^ 

I 
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(A-I3) 


(U  = 


j(OM0k1J£1 


D.-Kj-k 


K2=-k2,  +  kJe, 


The  boundary  conditions  along  the  corrugated  waveguide  surfaces  may  be  written  as: 


R  =  a  +  hcosknz 


E,=0, 


H  =0 


(A- 14) 


(A- 15) 


(A- 16) 


(A- 17) 


where  we  assume  that  the  waveguide  has  a  sinusoidal  boundary  wall,  h  is  the  depth  of  the  ripple,  and 


k0  =  — .  So  (A-16)  and  (A-17)  reduce  to: 
b 

(E,-EKk0hsink0z)llm„kcosko'=0 


(Hsk0hsink0z-  Hr) 


R»o+h  cos  koi 


(A- 18) 


(A-19) 


Substituting  the  field  component  expressions  into  the  boundary  conditions,  and  taking  the  average 


value  in  one  spatial  period,  we  obtain: 

(<v.L 


(■^1.2  )w  Au 


(A-20) 


Where: 


2  l  " 


G>Mo  k\K'P\*Jm  [P\*R)  ~  J  °>P*K:hU  jn 


knh  sin  kn: 


(A-21) 


Jk^XP2X{P2,R)  +  J^klk^n,{P2,R)- 
Wo k\^puJm(plARyj<OMXKJm(Pi^R)  kjisink.-y^-’^ 


(A-22) 
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(A-23) 


(C-2 ).,  'llf*  e~A"‘)‘”  {KJ. (/>:,' «)*„*  t„l  + 


The  general  dispersion  relation  for  a  corrugated  MPW  is  then  obtained  as  follows: . 

(F”')n.,  (F*.2  )„j 

,(G">L  (Soj„, 


and  for  symmetric  modes, 


K'L  (^)„ 
(c»jL  (C»!  ). , 


(A-24) 


(A-25) 


(A-26) 


2.  Characteristics  of  Wave  Propagation. 

Fig.  A-l  gives  the  dispersion  curves  of  waves  that  may  propagate  in  an  MPW.  It  is  obtained 
from  (A-8).  The  figure  shows  that  there  are  at  least  the  following  three  kinds  of  waves  (modes)  that 
can  propagate  in  an  MPW:  plasma  waves  (T-G  mode),  in  the  frequency  range  (0  <  co  <  a>p);  waveeuide 

waves  in  the  frequency  (coh  =  ^  +oJp  <co);  and  cyclotron  waves  in  the  frequency  range 
(Max(coc,cop)  <  Co  <coh).  We  can  see  clearly  that  the  plasma  waves  are  slow  waves  (the  phase 
velocity  is  less  than  the  speed  of  light);  the  waveguide  waves  are  fast  waves  (the  phase  velocity  is 


MO 


higher  than  the  speed  of  light);  as  for  the  cyclotron  waves  the  phase  velocity  can  be  either  less  than  or 
greater  than  the  speed  of  light  depending  on  the  frequency.  It  is  interesting  to  point  out  that  for  some 
cyclotron  waves  the  group  velocity  is  negative  (negative  dispersion),  and  thus  a  natural  backward  wave 
can  propagate.  Therefore,  the  waveguide  waves  cannot  directly  interact  with  the  electron  beam,  while 
cyclotron  waves  and  plasma  waves  can.  It  has  been  shown  in  [22]  that  by  means  of  dielectric  loading, 
the  phase  velocity  of  some  waveguide  waves  can  be  slowed  down  to  less  than  the  speed  of  light,  thus 
allowing  beam-wave  interactions. 

Appendix  B.  Derivation  of  Dispersion  Equations  for  Electron  Beam-Waye 
Interactions  in  an  MPW 
1.  For  Longitudinal  Interactions: 

From  Maxwell's  equations,  we  obtained  the  beam-wave  interaction  expression  (22)  and  (23)  as: 

viE*  +  aE*  =bHl  +  jcop0JI-i  p  (B-l) 

eoei 

V\Ht  +£H,  =  dEt  "(v  x  3),  ~  —  P  (B-2) 

where  a,  b,  c,  and  d  are  defined  in  (24)  and  where  J2and  p  are  the  z-component  of  the  RF  electron 
beam  current  density  and  the  RF  space-charge  density,  respectively.  For  the  case  of  no  electron  beam, 
we  have: 

V’El0  +  a0El0  =  b0Hl0  (B-3) 

+  c0Ht0  =  d0Ej0  (B-4) 

where  a<),  b0,  c0  and  d0  denote  the  parameters  for  the  case  when  the  beam  is  absent,  and  similarly  for  Ez0 
and  Hjo- 

From  (B-l)-(B-4),  we  obtain  the  dispersion  equations  respectively: 


m 


*.(*/  -  *,!.h  +j»f.s,(k,  -k„)p„  =  -ja,rts,  /Jy,£>  +  &  jjpE'!0ds  (B-5) 

and  £° 

£]  ^*’°)jDw  JC0S°e2 s) (k>  -  k:o)P£H  =  J/(v  x  j)t  •  H’tQds  +  cos 2  \\pH's0ds  (B-6) 

To  obtain  (B-5)  and  (B-6),  the  following  assumptions  have  been  made: 

PE  =  \\ES  ■  E:0ds  =  jj£.0  •  E]0ds  (B_7) 

(B.8) 

P//£  =  Ifa '  £> s  JR  •  £*>  (B.9) 

^  =  ,B.im 


(B-8) 


(B-9) 


(B-10) 


//(Vi £* )  ■  -  J/(vl £I0)  •  £.*<,<& 

J/(vi^)^>=JJ(v:^o)^>  (B-n) 

These  assumptions  are  commonly  used  for  linear  theory  when  the  influence  of  the  electron  beam  on  the 
field  profile  is  negligible. 

2.  For  Transverse  Interactions 

The  same  procedures  can  be  used  to  obtain  the  dispersion  equations  for  transverse  interactions: 
“*iK  *jew,(k, -k„)P„.  *<OM,(e,-s,Xk, -*„)£„_  = 

/Pi  •  -  -f  JJPifiL  ■  Kc*  (B-' 6) 


ae> (£>  -*•.)//(£  x 


(B-17) 


*  JPr-i>=  J|£ia  £> 


-  Li  3  _ 


where: 


'V.-J 

RHEl  = 

J 

V  "  . 

f/A  ■*;.**  J 

f  a.  • 

(B-18) 

Similar  procedures  combined  with  the  methodology  used  in  Section  IV  can  be  used  for  the  formulation 
of  electron  beam-wave  interactions  in  a  plasma  filled  corrugated  waveguide. 

Appendix  C.  Field  Expressions  and  Dispersion  Relations  for  a 
Simplified  MPW  with  a  Solid  Electron  Beam 

In  order  to  derive  the  dispersion  relations  for  electron  beam-wave  interactions  for  a  solid  beam 
in  an  MPW  with  the  ion-channel  taken  into  account,  we  need  to  know  the  unperturbed  plasma  field 
distribution.  The  cross  section  diagram  is  shown  in  Fig.  1(a).  According  to  the  approach  used  in  this 
paper  (in  both  Part  I  and  Part  II),  we  calculate  the  unperturbed  phase  constant  k*,  for  wave  propagation 
in  the  waveguide  system  without  a  beam.  'In  the  MPW  with  the  ion-channel  taken  into  account,  the 
unperturbed  field  £l0  ,  £10  and  kt0  can  be  found  by  using  the  configuration  shown  in  Fig.  1(b).  This 
is  our  simplified  MPW  model,  only  used  for  calculating  the  unperturbed  field  that  interacts  with  the 
electron  beam. 

The  field  expressions  for  the  simplified  MPW  model  for  a  solid  beam  are  as  follows: 

In  Region  II: 


E,  =  B,J.(pR) 

(C-l) 

(C-2) 

(C-3) 

M3 


E *  =  ^r{-A  JBAJPR)  +  jo>p0pB2fm(pR)^ 

H*  =  JT^-jvMoPB^ipty  +  k,  ™B2Jm(pR)^ 

Hr  =  JT  |-  -o  “  Jm  (pR)  -  jk.pB2Jm  (/>P)j 

In  Region  I: 

Et  =  ^Jm(PiR)  +  d2Nn(plR)  +  A}Jm(p2R)  +  AANm(p2R) 

H2  =  AlhlJm(p]R)  +  A2hlNm(plR)  +  AJh2Ja(p2R)  +  AAh2Nm(p2R) 

Er  ~~^{~JkiE2[AiPi^m(PiR)  +  A2piNm(pi^)  +  Aip2Jm(p2R)  +  AAp2N'ni(p2R)^ 

+  A2Nm{piR)  +  A3JBl(p2R)  +  AANm(p2R)]  +  cop0k1f 

.  lAAP^UpiR)+A2hX^PlR)^A3h2p2Jl(p2R)  +  AAh2p2NJp2R)}  +  cop,K2j 
[  4  V.  0>|  *)  +  M  Nm  (Pl  R)  +  Ay h2  Jm  (PlR)  +  AAh2  Nn  (p2  /?)]} 

Ee~~D  \-A'PlJ" ( P'R ) +  AiP^* (PiR) +  AiPiJm (P2r)  +  AAp2Nm (p2/?)] 

+  k:K1  ~[AiJm(.PiR)  +  A2Nm(p]R)  +  A}Jm(p2R)  +  AANm(p2R)]+ jcop^K2 

lAAPA'APtR)  +  A2hXAP,R)  +  A2h2p2Jm(p2R)  +  AAh2p2Nm{p2R)}  +  jcop0K\~ 
lAAJ.(P>*)  +  A2Wm(PlR)  +  A}h2Jm(p2R)  +  AAh2Nm(p2R)  I 

.  -~^{’~0)eoet^l[AiPlJm(piR)  +  AIplNm(piR)  +  A1p2Jn(p2R)  +  AAp2Nm(p2R)] 

-cos0[eX--stK])j[AlJn(p,R)+A2Nm(piR)  +  A}JJp2R)  +  AANm{p2R)}  +  jk;K2 

lAAPMP^)+  AAK(P,R)  +  A3h2p2Jn(p2R)  +  AAh2p2NJp2R)]-jk.kl  ~ 

[  AA  Jm  (P,  R)  +  A2h,  Nm  (j p,  R)  +  A2h2Jm  (p2  R)  +  AAh2  Nm  (/?,/?)]} 


(C-4) 

(C-5) 

(C-6) 

(C-7) 

(C-8) 

(C-9) 

(C-10) 

(C-ll) 


MM  - 


=  d  f*  jcos0(e}K  t^AxpxJ  m(p\R)  +  A2pxN  m{pxR)  +  A^p2J  m(p2R)  +  A4p2Nm(p2R)\ 


-j«*.‘,kl -W.(P,R)  +  A,Nm(p,R)  +  A,J.(PlR)+  A,N.(p,R)]+Kkl 
U,h,P,J.I.P,I»*Aih,Nm(p,R)  +  A1h1p,Jm(p,R)  +  A,lhp1Nm(p,R)\*k!K1- 

r 

[W.  (A*)  +  AlhlNm(PlR)  +  AihiJm(piR)  +  A4h2NJp2R)l 

The  boundary  conditions  are: 


By  using  (C-7)-(C-12),  the  dispersion  relation  for  Region  I  becomes: 


A  = 


flll  fll2 
°2\  °22 


Lfl61  at2 


‘16 


‘26 


‘66 


=  0 


where: 


a.t  =  */-(Afl)  ai2  =  40v0  a\i  =  Hm{p>)  a„  =  Nm(p2a) 


fl,j  =  0  a16  =  0 


<*21  -  Utyk&ht  +  k,K2t)piJm(pla)  a22  =  (ja)p,K2h2  +  ktK2t)ptJm(p2a) 
O23  =  +  k.K2t)plNm(pla)  a22  =  {jco^K2h2  +  ktK\)pxNm{p2a) 


a2i  —  0  <3 26  —  0 


Oj,  -JmiPfi)  *22  =  JJP2Ri)  °ii  =  *34  = 


°ii  ~  ®  flJ6  “  0 


*4,  =  hxJm(pta)  aA2  -  h2Jm(p2Rj)  a4J  =  htN  „(/?,£,)  au  =  h2Nm(p2Rt) 


°*i  =0  fl46  =0 


(C-12) 


at  R  =  a : 

t*1 

* 

II 

O 

II 

o 

(C-13) 
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aSj  =UuM0K2hj+klKl)pjJJpjRi)-(jco/j0K2hj+klKl)^Jm(p2Ri) 

Ri 

a>(:.j)=UW0K1hJ+kXt)PJK(PA)-Uo>M0K‘hj+k;K])pj  —  Nm(pjRi) 

R; 

a”  =  7T  T  Jm  ( pRi )  =  J~^  J -  W ) 

p  Ri  p 

at,'=~D^~Jcoe^£'Kl  ~£2kl)+k:kih\]PjJm(PjRi)  +  Uw0£2kl  - K2 k. A, )  —  JH (p. Rt ) 


=-  -£1k\)  +  Kk\K\PjKiPjR^  +  Ucos0£^t-K2k:h])  —  Nm{pjRi) 


°b5  =  -jW'J'.ipR,) 
p 

°66  =“T  k,^-JJPRi) 

P  R, 


For  longitudinal  interactions  we  only  need  the  A-j0  term,  but  for  transverse  interactions,  we  also 


need  to  know  the  constants  A„  A2,  A3,  A4  and  B„  B2,  which  can  be  found  by  using  the  boundary 
conditions  (C-13)  and  (C-14). 
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FIGURE  CAPTIONS 


Figure  1.  Ion-channels  produced  by  a  solid  (a)  and  hollow  (b)  high  density  electron  beam  in  an  MPW. 

Figure  2.  Simplified  models  for  the  study  of  beam-wave  interactions  in  a  plasma  waveguide  with  an 
ion-channel  (a)  for  a  solid  beam  and  (b)  for  a  hollow  beam. 

Figure  3.  Schematic  structure  of  a  hollow  waveguide  with  an  annular  plasma  and  electron-beam. 

Figure  4.  Dispersion  relation  for  the  HEoi  mode  for  different  values  of  np.  (vo  and  c  are  the  speed  of 
the  electron  beam  and  of  light,  respectively.) 

Figure  5.  Dispersion  relation  for  the  HE]  i  mode  for  different  values  of  np. 

(Note  that  the  cut-off  frequency  is  not  zero.) 

Figure  6.  The  real  part  of  k2 Rc  for  the  HEoi  mode  vs  the  operating  frequency. 

Figure  7.  The  imaginary  part  of  ktRc  showing  the  spatial  growth  rate  of  the  HEoi  mode  vs  the 
operating  frequency. 

Figure  8.  The  real  part  of  ktRe  of  the  HEj  i  mode  vs  the  operating  frequency. 

Figure  9.  The  imaginary  part  of  ktRe  showing  the  spatial  growth  rate  for  the  HEj  ]  mode  vs  the 
operating  frequency. 

Figure  A-l.  Atypical  plot  of  dispersion  curves  (Bo=0.175T,  ©p-l.SSxlO^s'1,  Rc=1.5cm) 
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FIGURE  1  (a)  -  Barker,  Part  I 
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FIGURE  1  (b)  -  Barker,  Part  I 
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Reoyy 


FIGURE  7 


Barker,  Part  I 


Re  (igy 


16 


:2xl013cm*3 

:4xl013cm*3 


10 


15 


20 


f  (cafe) 


25 


FIGURE  8  -  Barker,  Part  I 
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I.  Introduction 


In  Part  I  of  this  paper,  the  general  theory  of  electron-beam-wave  interactions  in  and  dispersion 
relations  for  a  waveguide  filled  with  plasma  immersed  in  a  finite  magnetic  field  (MPW)  have  been 
presented.  In  this  second  part,  kinetic  theory  is  used  for  analyzing  (lie  electron  beam,  while  the  plasma 
background  is  still  treated  using  fluid  theory.  In  what  follows,  the  kinetic  theory  of  beam-wave  interactions 
in  a  smooth-walled  MPW  is  given  in  Section  II.  while  that  for  a  corrugated  MPW  is  given  in  Section  III. 
The  kinetic  theory  of  a  plasma-filled  Electron  Cyclotron  Resonance  Maser  (ECRM)  is  given  in  Section  IV. 
Section  V  deals  briefly  with  the  combination  of  Cherenkov  and  Cyclotron  (T\\T/BWO-Cyclotron) 
resonance  interactions.  Section  deals  with  transverse  beam-wave  interactions  with  an  ion-channcl  taken 
into  account  In  Section  VTl,  sample  numerical  calculations  for  a  plasma-filled  ECRM  are  given.  Detailed 
discussions  and  conclusions  are  presented  in  Section  VTTT.  The  most  cumbersome  portions  of  these 
calculations  are  relegated  to  Appendices  A.  B,  and  C  in  order  to  streamline  the  flow  oftlie  paper. 

II.  Kinetic  Theory  of  E-Beam/Wave  Interactions  in  a  Smootlnvalled  MPW 

The  dispersion  equations  for  electron-beam-wave  interactions  in  a  smootlnvalled  MPW  have 
been  derived  in  Part  I  of  this  paper  using  fluid  models  for  both  beam  and  plasma.  Now  beam  kinetic 
theory  is  used  to  obtain  the  dispersion  equations. 

A.  For  Longitudinal  Interactions 

The  dispersion  equation  for  longitudinal  interactions  in  an  MPW  is  given  by  {(>6)  in  Pan  I  [  1  ] 
as: 

)pe  +j«w0e:(k;  -k!0)pliE  =  -io)unsf  \j;  -E]0ds  +  A  (n 


-2- 


where  PE  and  P„E  are  defined  by  (70)  in  Pail  I  [1],  J 1  and  are  now  calculated  using  kinetic  theory,  as 
follows: 


J.  =  -c  [/, |  —’—dp 

J  my, 


P\  =-rjf,dp 


where  is  the  perturbed  distribution  function  [3): 
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where  /n  is  the  equilibrium  distribution  function.  If  there  is  no  transverse  motion.  /«  can  be  chosen  to 
lake  the  fonn  [4]: 


2n 


where: 
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Thus  f,  can  be  rewritten  as: 

Afler  integration  in  momentum  space,  we  get: 
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where  ro.  is  defined  by  (71)  in  Tart  1(1],  Tlie  dispersion  relation  for  longitudinal  interactions  (1)  then 
becomes: 
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This  is  identical  to  (lie  dispersion  equation  dcri\’ed  using  fluid  theory  {Part  I,  (79)} . 


B.  For  Transverse  Interactions 


For  transverse  interactions,  the  dispersion  equation  is  given  by  (82)  in  Part  I  as  f  1  ]: 

Sf  (  k:  ~  k:0  )  PE,  +  (  k:  ~  )  P„E{  + 

~  €> )(*•  -  *-o>^  =  '  £> -  —  J(VA/o)#  •  e>* 


where: 
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Tlie  integration  should  be  taken  along  an  unperturbed  orbit,  and  /„  is  the  equilibrium  distribution  function. 
For  a  hollov  gyrating  beam,  a  proper  /„  function  can  be  written  as  [4]: 

ftp, -r,*)fi(ri-pxJ  ti4 
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Since  the}'  are  linearly  dependent  on  the  field  components,  /,  and  •/,  cat  be  divided  into  four  parts: 
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Substituting  the  field  component  expressions  (A-3M A-6)  ofPart  I  f  1  ]  and  integrating  in  momentum  space, 
we  obtain: 


•7,j  =  2^:XJ^MaKJi’i 


(24) 
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where  A  and  D  are  defined  by  (27)  in  Part  1(1].  Wien  the  efTect  of  space  charge  is  omitted,  the  dispersion 
equation  for  transverse  interactions  given  by  (82)  in  Part  I  can  be  rewritten  as: 
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wiiere  the  detailed  expressions  for  all  eight  (7-components  may  be  found  in  (A-l )  -  (A-8)  in  Appendix  A. 


IIL  Kinetic  Theory  of  E-Beam AVave  Interactions  in  a  Corrugated  MPW 

For  a  corrugated  waveguide,  the  dispersion  equation  for  longitudinal  interactions  is  given  bv 
(78)  in  Part  I  as: 


X*m(A;,  -  A‘,o.< )  +  -  A-,n, )  P,'F,  =  Z--T--1.-  k:J\r*J 


(r,,“  A’;.,V.o): 


(32) 
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The  dispersion  equation  for  transverse  interactions  is  seen  from  (28)  above  to  be: 

+a>M9(ei  ~£i)' 
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where 


CL  =  I(CL,  +Qn,  +  G.rJ  +  <L,,)  (34) 
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Q.s  “  2^((?2I..t  +  022.J  +  +  (?22 p.x)  (35) 

s 

311(1  L  ,  •  Le.j  •  PEH.S  a re  defined  by  (B-8)  -  (B-10)  in  Part  I  [I].  To  obtain  Ou  and  0;jwe  need  only 
replace  A.  by  A. ,  and  Aj0  by  Ar0,  in  the  relevant  equations.  In  fact,  we  know  that: 


kL  ~  *,0,  =  (A..  "  *.o  \2/r;n  +  —  J  =  2ks0  s  (k  -  k:0 ) 


k:.i  ktOj  k:  ki0 


This  dispersion  equation  can  be  simplified  further  if  desired. 


IV.  Plasma  -Filled  Electi  on  Cyclotron  Maser  (ECRM) 

For  the  plasma-filled  electron  cyclotron  niaser,  electrons  gyrate  around  guiding  centers  with 
small  cyclic  orbits.  Tire  dispersion  equation  is  given  by  (82)  in  Part  I  as: 

ex (A.3  -  )  Pri  +  jtoK0rj  (A.  -  A-.„ ) Pm  + 

f  .  1  f,  .  (38) 

-  C\  )(C  _  k:n)PEH1  ~  ~j(°PoS I  jJfl  '  Pfltids  —  —  p)  ■  Ennd. s 


Neglecting  the  space-charge  term,  the  main  problem  is  to  calculate  the  term.  JJJ„  •  E'„<h .  By  means  of 


kinetic  theory  [2],  we  have: 


which  yields: 


J  =  -e  dp  f 


Jn  =  -*  \dP-.  \PidPi  ]d</ft  — 

-oe  0  0  ^(\Y 


*  ar  00  2-7 


P  =  -e  J dp.  \pxdpL  \d(ffx 

-<r  0  0 

'here  the  perturbed  distribution  function  is  [4],  [5]: 


+  (<*’  te  +  v.B.)  &  +  ■& 

V.  <7^ 


(e;-v.,;)|-(c;+v 


1  <fo  "b 


Tlie  integration  should  be  taken  along  an  unperturbed  orbit,  and  /„  is  the  equilibrium  distribution  function, 
fo  *  R  S(p:  ~  p*  WPx  -  P»m,  -  Ro)  (43 

where  R?  is  the  radius  of  the  guiding  center  of  the  electron  beam.  Since  (lie  field  can  be  split  into  four 


pans,  we  get: 


Efl  R-n\  +  £/(}  "*■  &n\r  +  Ep^^^CtC 


f\  f\\+f\t+f\\r+fnr 


dn  di>\  +  dn,  +  d  Pyr  +  Jfl,r 


\\d*  Epds  \\(juEm  *  dni F.n  +  Jfi,Emr  +JmE„Jr  +  d„lrEm  +  JP}rEn~+  JPirEmr  + 

4  4  4  dn^«ir  4  d n ^oip  4  d a:  r^o\  4  dtnr^n  4  -4>jr£,ii r  4  dnr^np) 
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« 

Equations  (44)-(47)  indicate  |  that  the  electric  field  of  the  wave  is  split  into  four  components: 
,  Em .  Eei .  Emp  i  and  E„2p  .  Em  and  En  are  llie  TE-like  and  TM-like  field  components,  respectively, 
i  while  E0 ]p  and  En2p  are  the  ‘TE-like’  and  ‘TM-like’  field  components  due  to  llie  plasma  background 
respectively,  '/,,,  fi:'fur  and  ft2r  arc  the  four  components  of  the  petlutbcd  distribution  function 

'  _  J 

coiTcsponding  to  Em.En2.E0]r  •>  and  EP2r,  respectively.  JPlp  and  JP2p  are  excited  by  the  field 
components  due  to  the  plasma  background  for  TE-like  and  TM-like  fields,  respectively.  It  should  be 
remembered  that  when  plasma  is  absent.  Jmp  and  Jn:r  disappear  while  and  dP2  remain  but  are 
decoupled  and  can  exist  independently. 

WTen  the  plasma  is  absent,  oi p  =  0  .  For  TE  modes,  only  E„ ,  -  0  and  (47)  thus  becomes: 


\\^p  '  Epds  —  ■  Ep^ds 


(48) 


With  PHF  =  PFH  =  O.s.  =  1  ■>'  (38)  thus  becomes: 


=-/^  Ik.  •£> 

rf 


(49) 


This  is  the  same  as  that  for  the  vacuum  ECRM  case  [6]  and  (83)  of  [1  ].  Correspondingly,  for  TM  modes, 
only  JP:  *  0  and  (38)  then  becomes: 


'  r. 

Equation  (50)  is  exactly  tliat  given  for  TM  modes  in  [4],  In  (49)  and  (50): 


k:  -  —  -  A- 2 

A»n  i 

c 


(50) 


(51) 
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while 


for  TE,  hut  k 


for  TM. 


Vmr  and  ''m„  are  the  roots  of  Jm{x)  =  0  and 


(x)  =  0 ,  respectively. 


In  order  to  solve  (38).  we  must  first  calculate  (47)  which  requires  all  the  listed  field  and  current 
density  components.  These  are  presented  in  Appendix  B.  Afier  substituting  all  those  terms  into  (47)  and 
then  insetting  the  resultant  into  (38).  wc  can  then  rewrite  the  general  dispersion  relation  for  a  plasma-filled 
ECRMas: 


£y(k-  -k-o)Pn  +jW«ei(ks  +co/j0(e}  - 


c  r  v10  0 


a 


Ml 

n? 


/. 


(52) 


m-li  | 


where: 


Ti-T«:  +  T„,r,*Tnt+Tnr,  1 

-  ^>12  +  ^>lp2  +  Tflll  +  7ff2p2j 

(53) 

O,  =  <y  -  k.Yt  - 1(0 r 

(54) 

J,= 

J\  (Pir)  JU  --rJ\(P;>) 

dr 

Jm-u  =  Jm.,{r,Rn) 

•  1  =  1.2 

(55) 

f  * 

4  =  ' 

UrM, 

L  JJPSr) 

(56) 

where  can  be  found  from  the  dispersion  equation  given  in  Appendix  A  of  Part  I.  All  eight  of  the 
tedious  T  coefficients  may  be  found  in  Appendix  A  at  the  end  of  this  paper.  Equations  (52)  through  (56)  arc 
the  general  dispersion  equations  for  a  plasma-filled  ECRM.  They  are  also  valid  for  the  vacuum  case.  In 
fact,  when  cor  =  0.  we  get  the  same  dispersion  equation  as  that  given  in  [4], 
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A.  Coupled  Longitudinal  Interactions 

As  mentioned  above  for  an  MPW,  die  TE  and  TM  modes  are  always  coupled.  Transverse  and  longitudinal 
interactions,  therefore,  always  coexist  with  each  other.  Thus  die  dispersion  equation  for  longitudinal 
interactions  in  a  plasma-filled  ECRM  should  be  taken  into  account  simultaneously.  The  dispersion 
equation  for  such  longitudinal  interactions  is  given  by  (66)  in  Part  I  as: 

*j(*:  -  )PE  +  -  k.n)PHE  =  -jayjpSf  jjj.E'.ds  +  —  JJ pE’.ds  (57) 


I  lore.  J.  may  be  calculated  using  kinetic  theory'  as. 


<r  oe 


J.  ^  -e  \dp.  \p1dp1  jdfa  — =  -2 ne  J dp.  +  fn  +  fnp  +  /IIr  )dPl  (58) 

n  mnY  Jir  o  moY 


-»  -  o 


By'  integrating  through  momentum  space,  we  obtain  die  lull  expressions  for 

=  J,\  +  -Lj  +  J:\r  +  J-.ln 


(59) 


These  are  given  in  (B-29)  -  (B-32)  in  Appendix  B.  Substituting  (B-29)-(B-32)  into  (57)  and  neglecting  the 
space  charge  term,  we  get  the  dispersion  equations  for  die  accompanying  longitudinal  interactions  as: 

“*rn  )P,„.  = 

II./. 


C'Y  'To  ../  D' 


Hi  _ n  i  Hi  P- 

Q, 


n.- 


(60) 


m  -  /» j 


\V  here  n,,n,  are  given  in  Appendix  B.  (B-34),  (B-35).  Equation  (60)  is  always  accompanied  by  (52). 

From  die  above  formulation,  we  can  see  that  although  die  dispersion  equations  of  a  plasma- 
filled  ECRM  are  very'  complicated,  die  structure  remains  unchanged.  First,  there  arc  still  two  main  terms: 

(rw  -  k.v.  -  Ico c)  and  (<w  -  k.v.  - Uor )  ,  just  as  in  the  vacuum  ECRM  case.  Second,  since  dicre  arc 


four  pans  of  die  wave  field  and  four  parts  of  the  RF  current,  the  term  J./  Eds  has  sixteen  terms.  This 
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makes  .the  equations  very  tedious,  but  the  physical  lines  are  still  clear.  Third,  we  can  see  clearly  that, 
looking  at  the  TM-like  and  TE-like  parts  separately,  the  structures  of  the  dispersion  equations  are  similar  to 
that  of  the  vacuum  case.  Also  when  tire  plasma  is  absent,  the  equations  reduce  to  that  for  the  vacuum  case. 
Fourth,  die  most  important  difference  between  die  plasma-filled  and  die  vacuum  case  is  that  some  of  die 
tenns  associated  with  the  parts  of  the  field  produced  by  the  plasma  background  are  imaginary.  These  tenns 
not  only  make  the  dispersion  equations  complicated  but  also  cause  an  instability  different  from  that  in  the 
vacuum  case.  Finally,  the  most  essential  difference  is  that  die  ECRM  interactions  are  always  accompanied 
by  and  coupled  widi  die  corresponding  longitudinal  interactions. 


B.  Interactions  in  a  Corrugated  MPW 

The  above  equations  are  for  a  smooth  waveguide.  For  a  periodic  structure  and  neglecting  die 
space-charge  tenn,  (38)  and  (40)  simply  become: 

-k*)PEu  +  -  *l0 ) P/zfx-i  +  -  £>  )(*:j  -k.n)PFM^ 

and: 


U.S  =  ~e  jdP:  \PldPl 


Pe 


where: 


♦<r> 

/,  ,=-<■  M E'u  *  *  *  £.,)•  —  e  U 


'K  <Tp  > 


(  e  -  v,  n; : , )  &  -  (e, ,  + U-  £ 

<V,  '  pfi  r<f>  J 


Similarly: 


(62) 


(63) 
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Eqj  E m.s  +  E/n.s  +  Efi]r.s  +  ^02r,s 
f lj  =  f\\j  +  f 12.5  +  f\\p.s  +  f 12  p.s 


J 0.%  ~  Jfi\ ,s  +  Jfil.s  +  p.s  +  *^92 p.s 


S  ^ 9. s^S  ^  H(jmjEmj  +  Jfl\ ',Efi2„  +  Jfl\.sEff\pj  +^ei.i^92p,s  +  ^0\p,s^9 l.j  + 

j  i 

J*\r  *^P2.s  +  +  n\p.<^ o: r.*  ^P2.s^n\.s  +  ^P2.$ ^P2.*  ^P2.s^P\p.’s  +  (fi**) 

'Jfil.'Epip.s  ^  J^Ema  +  ^ 02  p.s ^  02. s  +  ^02p.s^fl]p.s  +  ^  92 p.s  ^92 pj)^S 

'  :  /  r  r  ^  *.  .  .  ■  .*  *  . 

,  *  *  i  ■  ,  \.  i  i  ’ 

"'sj  ■ 

If  only  seeking  the  resonance  term,  one  need  simply  delete  the  in  the  equations  and  replace  the 

S 

arguments  in  J,,-J h .  Jm.,,  by  p,/t  and  pt  l ,  Rf  •  Tlicse  procedures  parallel  those  we  followed  to  obtain 
(52).  Tli  ere  fore,  it  is  not  surprising  that  the  dispersion  relation  that  emerges  is  similar  to  (52)  where  we 


im  715 

replace  all  kz  by  k  M  =  k  z  +  —j—  and  replace  An  by  Ajis.  die  s-th  hannonic,  arid  obtain: 

f  J  Z  {(*’,  ~  +  (*„  -  k;0,)K'L,  + 

5 


r  17  D]  a,  a 


For  the  accompanying  longitudinal  interactions,  we  have: 


Z  kfe  -  A’-o,  h, +  (*M  -  A,o,  )phe,  ] = 

j 

An  e  copnst  ZZ^o  ~ - -  K 

js  =  Zy~ 


,  =  -e  J  dp.  \pldpl  ]<!<f>fXt  - 


O  0 
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E:  =Z£x,  =Z(£.u+£,:,) 


(72) 


f f\u  +  f I2.J  +  f II  p.s  +  f \2p.s 


where  again  AlU  is  the  amplitude  of  s-lh  harmonic  and  k,s  =  k,  +~.  For  simplicity,  in  the  above 


equations  one  need  only  take  the  s-hannonic.  It  should  be  noted  here  that  when  r  ->  /?0 .  all  tlie  results 
given  here  are  still  valid. 


V.  On  the  Combination  of  Transverse  and  Longitudinal  Interactions 

Tlie  combination  of  Cherenkov  radiation  and  the  electron  cyclotron  resonance  instability  is 
presented  in  [7],  It  is  important  to  mention  tin's  kind  of  wave  instability  here  also.  From  the  kinetic  theory 
of  the  ECRM  and  accompanying  longitudinal  interactions  given  in  the  above  section,  we  can  see  that,  if 
there  is  transverse  electron  motion,  then  both  transverse  and  longitudinal  interactions  can  co-exist  under  the 
condi  non: 

Cl,  =<v-k:vt-  Uo(  *  0  or  Qs  =  co-  k!t  v2  -  Uoc  *  0  (74) 

It  should  be  emphasized  here  that  the  coexistence  (or  combination)  of  transverse  and 
longitudinal  interactions  (ECRM  and  Cherenkov  or  ECRM  and  BWO.  for  example)  is  one  of  tire  most 
significant  features  for  electron  beam-wave  interactions  in  an  MPW.  Now,  since  there  is  transverse  electron 
motion,  the  singularity  is  also  at  Q-  —  k.v.  -  Io)r  =•  0  for  (he  coupled  longitudinal  interactions. 


-14- 


VI.  Dispersion  Equations  For  Transverse  Interactions  with  an  Ion-Channel  Taken 
into  Account 


We  now  turn  our  attention  to  the  case  of  transverse  interactions  with  an  ion-channel  taken  into 
consideration.  We  refer  to  the  simplified  model  depicted  in  Fig.  lb  of  Part  1  with  a  defined  as  the  MPW 
radius,  R,  the  ion  channel  radius,  and  h  the  radius  of  the  thin  hollow  e-beam  [1  ].  Here,  we  only  consider  the 
simple  condition  when  nf»  nr  R. '//>'.  For  this  case,  the  ion-channel  completely  fills  the  MPW  outside  the 
beam  so  that  the  radius  of  the  ion-channel.  R, ,  is  equal  to  the  radius  of  the  waveguide,  a.  This  leaves  only 


two  regions  to  consider.  Region  I  is  the  ion-channel  volume  outside  the  hollow  beam  ( h<R<a )  and  Region 
II  is  the  plasma  volume  inside  the  hollow  beam  (R<b).  The  field  components  in  Region  I  and  Region  II  are 


presented  in  Appendix  C.  As  is  given  in  ( 1 1 )-( 1 5)  in  Part  I,  tine  field  components  in  Region  1  can  be 
expressed  as  follows: 


E  P  -  ErI  +  E R2  +  E Rp |  +  Erp  j  (75) 

+  E.2  +  E*  +  E„,  (76) 

//,  =  //„  +  //„  +  //„.  +  //„„,  (77) 


+  H*  + 

A  A 

E  -  1  T  ;E  =  JP 

r*i  jj  li  Rpi  jj  1 


E  --TE  --P 

1 2t'  Cfjw  q  1  2» 

A  A 

H  =  —  T  ■  H  -  —  P 

nn  p  *ri 

A  A 

If  =-ir  •//  -  —  P 

"  D  At'  m  D  *' 


(78) 

(79) 

(80) 

(81) 

(82) 


where  tlie  T and  P  coefficients  are  defined  by  (C-3)  in  Appendix  C. 

From  the  above  equations,  we  can  see  that  the  field  components  are  also  split  into  four  types: 
TE-like,  TM-like.  and  plasma-produced  TE-like  and  TM-like  parts.  There  are  important  differences.  The 
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amplitude  of  each  component  is  connected  with  the  others  through  die  TandP  coefficients  (see  Appendix 
C).  This  shows  that  the  influence  of  the  plasma  on  the  wave  field  is  strong  when  an  ion-channel  is  fonned. 
The  beam-wave  interactions,  therefore,  become  much  more  complicated. 

Now  we  present  die  kinetic  theory  treatment  of  the  ECRM  filled  with  magnetized  plasma  with 
an  ion-channe!  taken  into  account.  Since  the  interactions  take  place  in  die  ion-channel  region,  simple 
mathematics  yields  the  dispersion  equation: 

(*/-*/„  yE=-Jw0jjX<lS  (83) 

for  large  orbit  transverse  interactions,  and 


(*.’  ~  k:n)PE  =  -/^ol  \j"E‘adS  (84) 

/ 

for  die  ECRM  instability.  By  means  ofkinetic  theory,  we  can  obtain: 

f\=f\\+f\i  +  f\y  +  f\ 4  (85) 
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(88) 


(*;  -  *J0)  =  ^  Z[ £  - 

c  y  /  Li2/  lii  . 

where 

Q  =  (89) 

Q,  =  ( kfil  -  k.  )(J,  +  /,rf 7; )./„_,  +  — -  (A-/7t  -  k:  )(V,  +  /.;;  A'j  )A’„r.,  (90) 

h  'V 

@2  =  JAVoPia  -  k,v,o )(2J,  +  prfJ  ',)Jm. +  jAAp0p(co  -  k;v;0)(2N,  +  prfN",)Nm_,  (91) 


f  CoB  k  i~'i 

»; =p2  -r~ir  +  )  (92> 

Pi  Pi  j 

IV:  =  jp.pio)2  -  *’cJ  X  +  A4N]N^)  (93) 

M  (-T  J tJ m-i  +  A 2 N /N m_i  j  +  jcop0p(A)  J /  Jm_i  +  At  N ,N (94) 

J,  =  J,(pfry,Jm.,  =  Jm.,{pK)  (95) 


where  the  /f  coefficients  are  derived  in  terms  of  tire  field  and  current  density  components  in  Appendix  C. 
As  already  mentioned,  there  exist  coupled  longitudinal  interactions.  The  dispersion  equations  can  be 
derived  by  a  similar  procedure.  With  the  use  of  a  simplified  MPW  model,  we  can  very  efficiently  study 
transverse  interactions  in  an  MPW  with  an  ion-channel. 

VII.  Sample  Numerical  Calculations  of  the  Transverse  Interactions 

We  have  calculated  the  characteristics  of  a  plasma-filled  ECRM  in  Section  IV.  This  case 
senes  as  a  good  example  for  illustrating  the  nature  of  transverse  interactions.  The  dispersion  relation  for  the 
plasma-filled  ECRM  is  given  by  (52)  in  Section  IV  using  kinetic  theory.  Ancillary'  equations  are  given  in 
(53)-(56)  and  the  related  cumbersome  coefficients  are  found  in  Appendix  A. 
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Several  interesting  points  are  worth  noting  about  the  plasma  filled  ECRM.  First,  for  the  HEoi 
mode,  the  dispersion  curve  is  split  into  two  branches;  one  below  01=0^  (cyclotron  mode),  the  other  in  tire 
frequency  range  higher  than  co=cO),  (waveguide  mode).  Since  no  wave  can  propagate  above  the  co=coh  liiir 
'[as  was  indicated  ill  Part  I]  "Therefore,  for  the  HEn,  mode,  we  must  do  two  separate  calculations  to 
characterize  these  two  branches. 

Second,  for  the  branch  below'  the  frequency  band  is  quite  narrow  and  very  close  to  the 
cut-offline  co=o\.  Thus  die  calculation  must  be  done  very  carefully.  For  die  branch  above  co=co,„  we  found 
that  only  die  line  of  higher  harmonics  can  touch  the  dispersion  cun-e.  That  means  that  for  diis  branch  the 

ECRM  can  only  work  at  higher  cyclotron  harmonics.  Our  sample  calculation  is  given  for  the  second 
harmonic. 

One  other  special  feature  should  be  pointed  out  before  presenting  die  sample  calculations.  For 
die  plasma-filled  ECRM,  the  field  depends  on  two  eigenvalues,  pi  and pj  .  Both pj  and p?  are  fruictions  of 
03  Therefore,  die  calculations  based  on  o>  seem  rather  complicated.  It  will  be  much  easier  to  do  die  same 
calculations  based  on  L.  Since  we  know  the  exact  relation  between  co  and  L.,  once  we  get  one  we  can 
calculate  the  other.  In  the  following,  we  deal  with  L(k;  =  Re(k. )  +  j  Im  (*. ) )  rather  than  co.  The  results 
of  diese  calculations  are  shown  in  Figs.  1  through  6. 

Figures  la  and  lb  show'  the  main  features  of  beam-w’ave  interactions  in  a  plasma- filled 
ECRM.  The  specific  parameters  used  *n  this  example  are  given  in  the  figure  captions.  Fig.  la  shows  the 
typical  dispersion  curves  and  the  beam-wave  interaction  plot.  (See  Figure  A-l  in  Appendix  A  of  Part  1  for 
more  complete  details.)  It  shows  that  die  beam-wave  interaction  happens  at  die  second  harmonic  with  die 
waveguide  mode  HE0i-  On  the  other  hand.  Fig.  lb  shows  the  beam-wave  interaction  happens  at  die  fust 
harmonic  with  one  of  die  cyclotron  modes.  It  is  clear  from  Figs,  la  and  1  b  that  the  plasma  filled  ECRM 
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prefers  to  operate  at  higher  harmonics.  Fig.  2  shows  a  sample  plot  of  the  dispersion  equation  (for  the 
imaginary  parts  of  L).  It  can  he  seen  in  Figs.  3  through  6  (for  the  imaginary  part  of  k. )  that  for  higher  coc  or 
higher  cOp.  the  dispersion  curves  go  up  rapidly.  This  is  because  the  group  velocity  of  the  wave  approaches 
zero  near  the  cut-off  frequency.  Once  again,  the  specific  parameters  used  for  each  figure  are  shown  in  the 
figure  captions.  Figure  4  shows  beam-wave  interactions  for  the  second  cyclotron  harmonic  {1-2).  for  the 
waveguide  wave  {HE0i  mode).  Figs.  3  and  4  are  for  different  values  of  the  magnetic  field.  B0  (as  reflected 
in  different  values  of  co,).  Figs.  5  and  6  show  the  effect  of  different  plasma  background  densities  (as 
reflected  in  different  values  of  ror).  It  can  be  seen  that  increasing  the  magnetic  field  strength  may  cause  an 
increase  of  the  bandwidth  and  the  growth  rate  of  the  interaction  as  well.  Increasing  the  density  of  the 
plasma  background,  on  the  other  hand,  may  at  first  cause  an  increase  of  both  growth  rate  and  bandwidth  of 
the  interaction,  but  then  may  cause  the  decay  ofboth  tire  growth  rate  and  band  width  when  cop  is  large.  It  is 
interesting  to  see  that  the  vacuum  case,  C0p= 0.  is  intermediate. 

The  figures  show  that  the  growth  rate  of  the  plasma-filled  case  is  comparable  to  dial  for  the 
vacuum  case.  It  should  be  noted  that  all  the  calculations  w'ere  for  tire  same  value  of  current  density.  It  is 
obvious  that  in  the  plasma-filled  case,  a  much  higher  current  density  can  be  used  than  that  for  the  vacuum 
case. 

As  was  mentioned  above,  the  longitudinal  interactions  are  always  coupled  with  transverse 
interactions.  Longitudinal  interactions  may  occur,  in  general  for  slow  waves,  therefore,  for  a  comigated 
MPW,  coupled  longitudinal  interactions  are  always  accompanied  by  transverse  interaction  waves. 
However,  for  a  smooth  waveguide,  the  coupled  longitudinal  interactions  may  occur  either  with  the  slow 
cyclotron  mode  of  with  plasma  waves  (T-G  modes)  and  with  phase  velocity  less  than  the  velocity  of  light. 
Therefore,  for  a  smooth  waveguide,  the  operating  condition  for  coupled  longitudinal  interactions  is: 
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-0)t  *0 

for  plasma  waves.  The  frequency  range  is  between  0  and  cop  (0 Xo^cop). 
operating  condition  for  a  second  harmonic  waveguide  wave  is: 


(96) 

However,  for  tire  ECRM,  the 


w,th  frequency  range  (o)>coh).  Tins  shows  drat  the  coupled  longitudinal  interactions  occur  at  a  different 

frequency  (much  lower)  than  that  for  transverse  interactions.  It  can  be  shown,  however,  that  for  a 

corrugated  waveguide,  the  cyclotron  frequency  for  both  longitudinal  as  well  as  for  transverse  interactions 

can  be  the  same.  Sample  calculations  of  coupled  longitudinal  interactions  may  be  earned  out  by  using  (1 ) 
and  (9)  for  a  plasma  wave. 


^TTI.  Conclusions 


A  kinetic  theory  treatment  of  electron-beam/wave  interactions  in  an  MPW,  for  both 
longitudinal  and  transverse  interactions  in  both  smooth  and  corrugated  waveguides,  has  been  given  in  this 
paper.  At  least  six  points  from  this  presentation  are  worthy  of  special  emphasis. 

First,  although  the  mathematical  manipulations  are  tedious,  the  structures  of  all  foe  dispersion 


relations  are  simple.  They  consist  of  two  parts. 


one  is  proportional  to  —  or  — 

1  QJ  In.y 


(  or 


Jj  fjJ 


the  other  to  ^7  (or  ^  |  ( 


or 


1  ] ,  .  Q,  =  co  -  k.  v.  - 1 ro 

~TT  )  ,  where:  •  * 


=  co  -  k.v,  -  mro 


This  is  just  like  that  for  foe  familiar  vacuum  case. 

The  second  most  important  feature  of  beam-wave  interactions  in  an  MPW  is  the  coexistence  or 
combination  of  instabilities  of  both  transverse  and  longitudinal  interactions.  This  is  because  in  such 


an 
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MPW  the  TE  and  TM  modes  are  always  coupled  so  that  (he  Eand  field  components  always  exist 
together.  Due  to  the  transverse  motion  in  die  magnetic  field,  the  singularity  of  the  accompanied 
longitudinal  interaction  is  at  ft  =  co  -  kvt  -  Jcor  »  0 

Tlie  third  most  important  feature  is  that  in  the  dispersion,  equations  there  are  special  imaginary 
tenns.  These  terms  are  generated  by  the  field  parts  that  are  produced  by  the  plasma  background.  These 
imaginary  tenns  may  influence  tire  instability. 

Fourthly  when  there  is  no  transverse  motion  can  we  have  purely  longitudinal  interactions. 
In  drat  case  the  singularity'  is  at  ft  =  ©  -  k;v; ,  just  as  that  for  tire  TM  mode  in  the  vacuum  case.  y 

-  "  for.*e  plasma-filled  ECRM,  the  most  significant  feature  is  that  the  beam-wave 

I  I"'/-  A 

interactions  are  split  into  two  regimes:  either  with  cyclotron  modes  or  with  waveguide  modes,  due  to  the 
characteristics  of  wave  propagation  along  an  MPW.  For  cyclotron  modes,  the  interaction  seems  difficult 

since  there  are  so  many  dense  modes.  For  the  waveguide  modes,  tire  ECRM  prefers  to  operate  at  higher 
harmonics. 

Finally,  with  the  coexistent  instabilities  (ECRM  and  Cherenkov,  for  example),  there  must  be 
some  difference  in  the  frequency  response  between  the  two  kinds  of  interactions.  Therefore  tire  spectral 

punty  of  the  output  of  a  device  based  on  an  MPW  will  not  be  as  good  as  that  for  a  corresponding  vacuum 
device. 
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Appendix  A:  Cumbersome  Coefficients 


The  eight  Q  coefficients  for  the  dispersion  equations  (28H31)  for  transverse  interactions  in 


smooth-walled  MPW 


Q»  =-j/Jo/hPiK7v1(G)-k:v!)(2Jmi  +  p,Rrfmt)- 
kf  (k}PiJn,  +K7~Jni)- jcop0hi (K'p' j"m.  +  k\  j-  J\ ) 

Qn  =JMohiPiKiy1(co1-c'kj)Jm.  ■ 


+  K*  {K'p.Jl  +k7  yj\) 


QUp  -  -ja>fithtkl  (, to  -  kvt  ){Jm.  +  p,Rrf  )  ■ 


k{kl*J« + +kl~rmi) 

QnP  -jMMfaW-kyy  kLlri/^  +  K’—j;) 

.  ^  K  m'j 

-jcw^K'-r'  J-ml  +  k;  J  4) 

02.  =  -A r7la)c{Jmi  +  p,RrJmi )(kt  - */?.,£■, ) ■ 

*.(*>, '-c + *’  ^  •c)  -  i<»y  k!p;j:, + k\  ^  y;,j 

022  =  - 1  )-D{on\  - *.c3)]- 

k'p.jz + *;  ~  rm  j 

*•'  *  -  *,*M l2jm  +  p,R,rm y  e,k]p.kUo ,  (y„  +  PlK'jm )J. 


*.  ^ v.v: + *;  f  r. 

'  '  I'r  J  l  R, 
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Qnp  =  -kitotore\{kl-k')piReJmi-mKJm\ 


+  -y«M‘  fpUZ+K^Jl 


R 


m 


(A-8) 


2.  The  eight  7" coefficients  for  the  dispersion  equations  (52)-{53)  for  a  plasma-filled  ECRM. 

Tn .  =  -jPohiPiK\(v  ~  kz'',Wu  +  ptrtJmK)- 
*,(*>; A  +  *’  ,-J-^-j<an,h]\K'p]j;+k)  Lj;  j 


(A-9) 


Tnn  =  JPoh,PiK'vi  (®*  ~  C2kj)Jn  ■ 
k, ( ktP'  Ji'  +  K'l~  ~  J<°M oK ( K' Pi  Jt' +  k]  ~r 
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r*i,.  =  -jPohiPik](®  ~  Kv,)Wu  +  Pir'J'u)- 
kz[k]PiJu  +K2~r  •/,*) +  k]  ~r 

T*,i  =  jPohiklJt,W  ~ c2k2 ) • 

*.(*>;  a- + k'  ;  a)  -  jcwx^'pw;  *  *;  -r  a) 

Tny  =  +  pirfli)(k:  -  kp„Ex)- 

*.(  W+ *’  i  a)  -y-w^’/’.'A + ^ a) 

7^  -!)-£>(<*•  -*.c3)]- 

*.(*>;■£ + -  jco^{iOp]s; + *;  £  y,;} 
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(A- 12) 


(A- 13) 


(A- 14) 


r«„.  =  -[*,Avi(*j  - SiKW'Wu  +  /V,A)  +  eJlP'MV'Uu  +  /V'A )]• 

,(*;#•£ £  •/**)  -y^0/^A',/»;y;+ k- l-  y,;j 


(A- 15) 
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k,[k]pi  *4*  +K'1-  J’)j  -jcoM0h^K'p.j;  +  k]  l  y;j 


(A- 16) 


Appendix  B:  Detailed  Terms  for  Dispersion  Equations  for 
Plasma-Filled  ECRM 


1.  Expressions  for  the  Field  Components  in  a  Plasma-Filled  ECRM. 

According  to  [4],  the  wave  field  may  be  expanded  in  the  guiding  center  coordinate  system  as  follows: 
f  E’  =  X  Z  AaJti(Pir)Jm.,i(PiRt ) 


(B-l)  \ 


H* =  X  X 


E- ’  ti  D  [• i + ;  a) + +  K1  4)  L 


£'  ■  %%.  D  .*■(**’ + 7  y*) + >m(*  V, + *; 4) k_. 


^“ZZ^W.  -e.k'.pX -(*,*’ -s,k])'-J„  - 


j*A 


*.-±±*£ 


-  jve 0  (r,  AT :  -  f j  Arj  )/5  .y7i  +  £,  A •/  -  y 


M,  k;PiJk+K'-Jh  k-„ 


-24- 


Equations  (B-l  )-(B-6)  can  be  simplified  as: 


where: 


i.  t 


E.  =  +  E,1  *  £-1  r  +  E>'.r 

=  Efi\  +  E(?2  +  E n\r  +  ^nip 


Hr  =  H,x  +  Hr2  +  HrXp  +  Hr7p 

Iie  =  //„,  +  7/^92  4*  //„,r  4-  Hn2p  ^ 


£.>=z4K-a*V.K-, 

»./  ^ 

•./  ^ 

£-i,— Z4fA*,’;V.-. 

I.  /  ^  ' 


£,,  =  Z 

I.  /  ^ 

I./  u  f 

£.,,  =  Z 

iJ  V  r 

En,  ■  Z 

i.l  V 


1 


> 


(B-7) 

(B-8) 


(B-9) 


(B-10) 


(B-l  1) 
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*'|-L 


■.>,(*,'« a-*;-a).u 
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../  ^  r 

B»"'L^s-(-ia’^Xp,J,)J.., 

i.  /  ^ 


(B-13) 


where:  4=  /.(ft*,) 

.  /.(a*,) 

Equations  (B-7)-(B-13)  clearly  show  that  the  plasma  fill  completely  changes  the  wave  field.  .The 
TE  and  TM  modes  are  always  coupled.-  Furthermore,  there  are  additional  parts  of  the  wave  field  associated 
until  kt  =  Ire,  that  are  produced  by  the  plasma.  The  wave  field,  therefore,  may  be  dh-ided  into  four 

parts:  TM-like,  TE-Iike  ( E& ,  £* ,  for  example),  and  the  corresponding  parts  produced  by  the  plasma  (£ftp, 

|  Epy.  for  example).  _  / 


2.  The  Perturbed  Transverse  Current  Density  Components 

Since  f\  is  linearly  dependent  on  the  wave  field,  we  can  write: 


+  ^12  +  f|iP  +  i"i2r 


(B-14) 
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Thus,  the  perturbed  distribution  function  also  consists  of  four  parts:/;,  due  to  the  TM-like  part  of  wave  field, 

fn  due  to  the  TE-like  part  of  wave  field,  and  f  lp  and/;2p  due  to  the  plasma-produced  parts  of  the  wave  field 
that  correspond  to  TM-like  and  TE-like,  respectively. 


Therefore,  we  have: 


fn  = 
f\\p  —  ~e 
fn  „  =  -e 
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\dt(E\  +  v 
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x  b;) 

•v  u 
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(B-15) 


Jfll  +-TP2  +^9ip  +  J62p 


nhY 

Jg2  =  -ejdrp-f]2-^~ 

™oY 

Jmr=-ej<iyrfur  — 

”‘0Y 

Jt:r=-ejd’pfn.r  — 

mnY 

Substituting  (B-9)-(B- 1 3)  into  (B- 1 4)  and  (B- 1 5).  we  can  find: 


D\,hiPiK' MoJ" 
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i.l  Qf  D 


(B-19) 


V-/e  ^aMoK^l  j  /  ["/  ,  <T„  ^ 

/nr~  ^  jy-J,,  [a)-k.\\)-^L  +  kvL~-  - 
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2 '  ^Q,  £>  { /  * ' **  ■ /’’ y,/  +  f  " }'*  r  J*  ~k* Pi Jn 

kt.nilr’Lr  _  _ 


v  r  Pt,  oRt  dtfr 


(B-21) 


where: 


Q,  =  w  -  ktvz  -  lcoc 


fB-22) 


The  further  derivation  is  quite  complicated  and  tedious.  In  order  to  simplify  the  mathematical  procedure 
without  sacrificing  the  accuracy  and  completenession  of  the  theory,  in  the  next  step  of  the  calculation,  tire 
,  1  dfn  SR, 

eim  connected  with  _  will  be  neglected.  As  was  pointed  out  and  checked  in  [4].  die 

contribution  of  this  term  is  very  small.  Therefore,  afier  some  madiematical  manipulation,  we  can  obtain: 


J,„  =  2^'T  J- {5; 1 (®  -  *,».  t>,  +  W  - ■ )j J..,f,dp 


(B-23) 


fB-24) 
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Figure  la.  Interaction  Plots  for  the  beam  with  the  waveguide  mode  HEqj.  The 
following  parameters  were  used: 

l  0  «  300 KV  rn  3  70  R  Qrn  0.6 

'j,  '  *//  *  15  *>p  "  04»  *  0-2 


0  0.5  1  1.5  2p£5  3  3.5  4  4*.  5  5 


Figure  2.  Interaction  of  the  beam  with  the  waveguide  mode  for  the  following  sample 
parameters: 

?•„  .  WlArH  »if  -  IM>  *  0  6 

*  JL  1  **//  * 
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V=3)0kv 

Wp-0.81 


Figure  4. 


Growth  rate  versus  coc  of  the  waveguide  mode  for  the  following  sample  parameters 


0.25 


Figure  6.  Growth  rate  versus  (Op  of  the  waveguide  mode  for  the  following  sample  parameters: 
ij,  -  jno/fi'  £(  -  1*0  j'0-  o.« 

/ I'..  »  1.5  •  0.2 
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Abstract 


Basic  theoretical  formulations  for  electron  beam-wave 
interactions  in  a  plasma-filled  waveguide  immersed  in  a  finite 
magnetic  field  are  presented  in  this  two-part  paper. 

1.  The  general  interaction  and  dispersion  equations  of  the 
longitudinal  and  transverse  interactions  in  both  smooth  and 
corrugated  magnetized  plasma-filled  waveguides  are 
formulated.  The  resultant  equations  are  then  applied  to 
examine  the  specifics  of  plasma  Cherenkov  radiation,  the 
plasma-filled  travelling-wave-tube/backward-wave-oscillator 
(TWT/BWO),  the  plasma-filled  electron  cyclotron  resonance 
maser(ECRM)  and  many  types  of  beam-wave  interactions 
including  those  involving  ion-channels. 

2.  Some  possible  new  interactions  in  a  magnetized  plasma- 
filled  waveguide  that  do  not  appear  in  previously  published 
papers  are  proposed. 

3.  A  detailed  discussion  and  analysis  of  the  physics  of  the 
important  role  of  the  plasma  background  are  given  in  the  paper. 

4.  It  is  pointed  out  that  in  a  magnetized  plasma-filled 
waveguide,  there  are  a  lot  of  interesting  features  of  beam-wave 
interactions,  two  of  them  are  most  essential.  One  is  that  the 
transverse  interactions  are  always  accompanied  by  the 
longitudinal  interactions.  The  other  is  that  the  magnetized 
plasma  itself  is  strongly  involved  in  the  interaction  mechanisms 
via  an  additional  component  of  the  field. 

This  paper  consists  of  two  parts.  Part  I  presents  general 
theoretical  formulations  of  electron  beam-wave  interactions  in  a 
magnetized  plasma  waveguide  using  only  a  fluid  model  for  both 
the  plasma  and  beam.  Part  II  extends  the  analyses  of  these 
interaction  by  retaining  a  fluid  treatment  for  the  plasma-fill  but 
substituting  a  kinetic  theory  treatment  for  the  electron  beam.  It 
continues  further  to  include  a  detailed  treatment  of  the  physical 
effects  of  the  ion  channel  that  is  formed  in  the  plasma  by  an 
intense  electron  beam.  In  both  parts  of  the  paper,  sample 
numerical  calculations  are  presented  in  both  parts  in  order  to 
illustrate  the  physics. 
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Part  I:  Fluid  Model  of  Electron  Beam-Wave 
Interactions  in  a  Magnetized  Plasma-Filled 

Waveguide 


I.  Introduction 

The  goal  of  Microwave  Electronics:  To  find  ways  to  create 
improved  microwave  devices  which  can  provide  higher  output  power 
with  higher  efficiency. 

Some  fundamental  limits:  One  of  the  most  important  limits  is  the 
space  charge  effect.  Busian  Instability. 

The  most  promising  approach:  Plasma  fill.  Pierce  instability 


New  results  given  in  this  paper: 

(1).  Magnetized  plasma  filling  strongly  changes  the  behaviour  of  wave 
propagation  in  waveguide,  TE  and  TM  modes  can  no  longer  exist 
independently,  instead,  there  are  EH  and  HE  hybrid  modes.  Also,  there  are 
two  eigen-values  and  two  corresponding  eigenfunctions  instead  of  only 
the  one  that  exists  for  the  vacuum  case  or  for  the  cases  where  magnetic 
field  Bo=0  and  B0— so  the  field  components  are: 

E,  =  A|Jm(p,R)  +  A2jm(p2R)  (1) 

H,  =  A1h1J<,(p1R)  +  A2h,J„(p2R)  (2) 

Therefore,  the  field  pattern,  the  cut-off  frequency  (thus  the  wave  number) 
and  the  dispersion  relations  are  all  changed.  It  is  clear,  that  we  could  not 
use  formulations  based  on  the  TE  mode  or  TM  mode  alone,  if  we  want  to 
know  the  contribution  of  magnetized  plasma  fill. 
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(2).  The  magnetized  plasma  background  not  only  strongly  changes  the 
behaviour  of  wave  propagation  but  also  strongly  changes  the 
character  of  the  beam-wave  interactions.  Since  the  TE  and  TM 
modes  are  always  coupled,  Ez  and  Ex  always  exist  simultaneously.  If 
the  electron  beam  has  both  longitudinal  and  transverse  components  of 
motion,  it  is  inherent  that  in  a  magnetized  plasma  filled  waveguide, 
the  longitudinal  interaction  (JZ~EZ)  and  the  transverse  interaction 
(J:  -E, )  are  always  present  together.  This  implies  that  Cherenkov 
type  and  TWT/BWO  type  interactions  are  always  accompanied  by 
ECRM  and/or  gyro-peniotron  type  interactions. 


(3).  The  magnetized  plasma  background  itself  is  deeply  involved  in  the 
beam-wave  interactions.  Moreover  since  there  are  varieties  of  waves 
that  can  propagate  along  a  magnetized  plasma  waveguide,  it  is 
obvious  that  there  must  exist  some  kind  of  coupling  among  waves 
through  the  electron  beam.  This  coupling  may  lead  to  some 
instabilities.  For  example,  parametric  coupling  may  result  in 
instabilities.  The  study  of  this  kind  of  instability  has  been  presented  in 
[30],  however,  it  was  again  based  on  the  TM  mode  without  taking  into 
consideration  the  fact  that  the  TM  and  TE  modes  are  always  coupled 
together. 


(4).  The  dispersion  characteristics  of  wave  propagation  in  circular 
cylindrical  magnetized  plasma  waveguide  is  shown  in  Fig.  I.  The  Fig.l 
shows  that  there  are  at  least  three  kinds  of  waves  that  can  propagate 
through  the  magnetized  plasma  waveguide:  plasma  waves;  cyclotron 
waves;  waveguide  waves.  AH  these  waves  are  electromagnetic  waves, 
all  of  them  can  interact  with  electron  beam. 
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II.  Field  Equations  in  Magnetized  Plasma  Waveguide 


Permittivity  tensor: 

'  *1 

-J£2 

0 


£  = 


J£  2 

£\ 

0 


0 

0 

£3 


(6) 


The  field  components: 

Ez  ~  ^i^nii 

Hz  ~  y!  AjhjJmi 

i 

ER  -  ER\  +  ER2  +  +  £/?2/> 

^  =  £pl  +  £p2  +  £pl/>  +  E<p2p 

Hr  =  +  #fl2  +  +Hr2p 

H<p  —  "*■  H^  +  Hp\p  +  H(p2p 


(10) 


(11) 


The  subscripts  1  and  2  denote  the  TE-like  and  TM-like  part,  respectively,  and  lp  and 
2p  denote  the  plasma  produced  TE-like  and  TM-like  part,  respectively. 


For  the  corrugated  waveguide: 


Es  =  Z  EzseJ^~k^~m<p) 

s 

Hz  =  'ZH:seJ{°*-k"z-m<p} 

s 

So  for  the  ER,  E^  BR  and  B„.  Where: 


(■*•=  0,  ±1,  ±2,  ...) 


(16) 


(17) 


All  the  plasma  produced  field  parts  are  proportional  to  k2  =k2e 2.  So,  when  the 

plasma  is  absent,  or  the  magnetic  field  B0->0  or  B0-kc,  we  have  e2=0,  these  field  parts 
are  vanished.  And  for  the  vacuum  case,  e2=0,  Si=e5=l,  we  have  TE  and  TM  modes 
independently,  and  the  TE-like  and  TM-like  fields  automatically  become  the  fields  of 
TE  and  TM  modes,  respectively. 
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III.  General  Equations  Governing  Electron  Beam-wave 
Interactions  in  Magnetized  Plasma  Waveguide 


Maxwell’s  equations  can  be  written  as: 

V  x  E  =  -  jo)MoH 

V  x  H  =  jcoSftD  +  J 
V-D  =  p 


(21) 


D  =  SqS-E 
V-B  =  0 


Then  from  eq.  (21),  we  can  obtain  the  following  two  sets  of  equations: 


A.  Interaction  equations  expressed  in  terms  of  longitudinal 
fields: 

From  eq.  (21),  we  get: 

V2EZ  +  aEz  =  bH ,  +  jcopQJ,  - p  (22) 

*0*1 


W]_H.  +  cHz  =  dEz  -  (v  x  J)  - 


(OE2 

- P 

*1 


(23) 


Where: 

a  - +k^£ijs2  / S\ 
b  =  jkza)p0e2I  £\ 
c  —  -k2  +k2(ei  -Si^l £i 
d  =  -jkzo)SQE2e^l  £\ 

The  transverse  field  components  may  be  found  from  Ez  and  H2: 

-jo)p0K2V±Hz  xe,  +  jcopoK2 J j_  +a}p0k2J±  xe,] 

H±  ^[-coEQE2k2zV  ±EZ  -jk:K2VLH:  -jcoEQ(k2gE2 -K2s^S/ ±EZ  xe, 
-k:k2V±H:  xe,  +kzk2J±  -jkzK2J±  xe,] 


(24) 


(25) 


(26) 


Where: 

K2  =  k2e,  -k2;  k2=k2s2\  D  =  K*-k*  ;  k2=o)2£0p0 

(27) 

Eq.  (22)  can  be  used  to  study  longitudinal  interactions,  plasma  Cherenkov 
radiation  devices  for  example,  while  eq.  (23)  can  be  used  to  study  transverse 
interaction,  electron  cyclotron  maser  with  plasma  fill. 
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B.  Interaction  equations  expressed  in  terms  of  transverse  fields: 

The  beam-wave  interaction  equations  can  also  be  expressed  in  terms  of  the 
transverse  field  components: 


Vi£x  +■ 


£1 


ifl  r  -  jkZCi)M0£2  r-r 
*1 


r  _  tt  .  t  (^3  ~ 

-c-i - - - H±  +k:copQ - - - -e:  xH± 


•l 


+ja)p0J1  -  — °g2  e:  x  J L  +— 

£l  £o£l 


and: 


(36) 


V2±H1  + 


( k2e3-k 2 )jH1=-jkza)e0£2E1  +kzo)e0(s2 -s^e,  x£±  -(Vx  J) 


Then  Ez  and  Hz  can  be  written  as: 


1 
(37) 


E, 

4* 


J 


COSqS^ 


[(Vx£jl  )ez 


(38) 


(39) 


Eq.  (40)  has  been  used  for  the  kinetic  theory  of  ECRM  with  space  charge  taken  into 
consideration.  Equations  (38)  and  (39)  remain  unchanged. 

The  above  obtained  general  interaction  equations  may  cover  almost  all  kinds  of 
interactions  in  a  smooth  waveguide  with  and/or  without  plasma  fill.  Which  interaction 
equation  is  preferred  to  be  used  depends  on  the  specific  case  and  the  convenience  of 
the  author. 


It  should  be  pointed  out  at  this  point  that,  because  the  TE  and  TM  modes  are 
always  coupled  to  each  other,  the  longitudinal  and  the  transverse  interactions  are  also 
both  present  if  the  transverse  electron  motion  is  existent. 


IV.  Beam-wave  interactions  in  A  corrugated  magnetized  plasma 
waveguide 

wu-u?  pr0pagation  410118  a  co negated  magnetized  plasma  waveguide  has  been 
studied  .  According  to  Floquet’s  theorem,  the  fields  should  be  expanded: 

E  =  YtEse~Jk‘^  I 


S 

* 

Where: 


(46) 


kz,s  =  kz0+—  (47) 

L  is  the  spatial  period,  and  s  is  the  spatial  harmonic  number. 

We  can  also  find  the  interaction  equations  expressed  in  terms  of  longitudinal  as 
well  as  transverse  field  components. 
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A.  Longitudinal  fields  expressions: 


Where: 


Z (vi£r,*  +a£-.s)  =  Y\bsHz.s  +jo>M0dzj  - 

s  s  ^ 

jk:,s  'I 

Ps 

£0£1  J 

(48) 

-(V x  Js) 

s  s' 

COS-)  N 

Ps 

2  £1  J 

(49) 

“s  =  (~kls  + 1(2 £l)£3  f  £l 

bs  =  fts.sVt*  0e2  1  £l 

cs  =  -k;  S  +k2(ei  -e\  j/  £\ 

ds  =  ~jkz.sO}£0£2£3  1  £\ 


(50) 


The  transverse  field  components  E^s  and  H±  s  may  be  found  from  eq.  (25) 

and  eq.  (26)  only  need  to  replace  kz,  K2,  D  and  Jx  by  k*.,,  K2S ,  D,  and  respectively. 
Where: 

K?s  =  k 2 £,  -  k?s ;  £>„  =  X*,  -  k*  (51) 

Eq.  (48)  can  be  used  in  plasma  filled  devices  like  the  TWT  and  BWO,  and  eq.  (49)  can 
be  used  for  a  plasma  filled  ECRM  in  periodic  system. 


B.  Transverse  fields  expressions: 

z 


UJ 

1 

_ i 

r 

vi£i^+  ’ 

- 

=z 

£1 

s  - 

A-^0f_2.  ft  +jO)p0Jls  + 

£l 


k:.s®M 0  —  —*z  xH±,s  ~ 
£\ 


(58) 


and: 

Z[v;H1J+(k=£j-kL,  )h_]= 

S 

^[-jk^aWo^E,.,  +kz<y£‘o(^s  *  Ei.,  “(V  x  J,)j  (59) 

The  longitudinal  field  components  E^  and  H^,  can  be  found  by  the  same  replacement 
mentioned  before. 

The  interaction  equations  obtained  above  can  be  used  for  linear  and  non-linear 
beam-wave  interactions  in  general  cases  including  both  vacuum  and  plasma  fill.  It 
should  be  also  pointed  out  that  the  longitudinal  and  transverse  interactions  are  both 
present  also  in  a  periodic  structure  provided  that  transverse  electron  motion  exists. 
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V.  Dispersion  equations  of  electron  beam-wave  interactions 
in  magnetized  plasma  waveguide  by  means  of  fluid 
theory 

Based  on  the  interaction  equations  given  in  the  last  section,  the  dispersion 
equations  of  different  kinds  of  beam-wave  interactions  in  a  magnetized  plasma 
waveguide  can  be  obtained. 


A.  Dispersion  equations  of  longitudinal  interactions: 

From  eq.  (22),  we  can  get  the  following  dispersion  equations: 

£h{jcz  ~kz0 )PE  +  j®Mo£ i(kz  ~  k:0 )PHE  =  -j&Moel  jj  JzE^ds  +  ~~\\ PEzOds 


Plasma  Cherenkov  radiation  devices  are  typical  longitudinal  interactions. 

From  eq.  (22),  making  use  of  the  continuity  equation  and  by  means  of  a  fluid  model  for 
the  electron  beam,  we  obtain 

■''■■'rrV*  <68) 

{fo-k:v  o) 

We  can  write  the  dispersion  equations  (66)  as: 

/  ,  j  \  ~k*) 

£3 \kz  -  kz0  )PE  +  je>M 0£2 (kz  -  kzo)PHE  = - 1 - T1  PE  (69) 

{°}-kzvo)2 


Where: 


/>£  =//£.•£> 


The  solutions  of  eq.(69)  can  be  obtained  easily: 

-  =-T  j  1  \yJa>P0£2PHE  ±  |-ffl2/4£2 PHE 


2  e3  + 


(eo-k:v0y 


4  s3  + 


(o)-k:v0y 


2  \PE  kzQ£3PE  +  ja>M0£2PHEkz0  + 


<4f_  i*2 

((o-/czv0y 


From  eq.  (72),  we  can  get  the  instability  criteria  for  plasma  Cherenkov  radiation: 


4  *3  + 


(o)~kzvQy 


Ft 

L  PE  (a-  Vo) 


<Q}2M0£2PHE 
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B.  The  dispersion  equations  for  TWT/BWO 


In  a  TWT  or  BWO,  a  corrugated  waveguide  is  often  used.  From  eq.  (48), 
we  obtain: 


+jfo/iQS2{kZJ -kz0s)PHEs 

-jeon  O' S 1 JJ  J 2 E:0ds  +  JJ  PEzOds 

and  eq.  (77)  can  be  momodified  as 

Z[e3  (*z,s  -  +  jO>Mos 2(^,5  -£z0j)4f£,.s|  =  Z 


(77) 


°>2b 

[£\k2  -k 

») 

u 

»~kz.sv  0) 

1 

r 

(78) 


C.  The  dispersion  equations  for  transverse  interaction: 

A  typical  and  very  important  transverse  interaction  is  that  found  in  the 
ECRM,  now  we  deal  with  this  interaction  with  a  plasma  fill.  From  eq.  (36),  the 
following  dispersion  equations  can  be  obtained: 

£3^z  “  *z0 )-^£a  +  j(OM0£2  (kz  ~  kzo)PffEi  +  ®Mo(e3  ~  S1  ){kz  ~  kzo)EEH1  = 

0*1  JJ  4  •  E±vds  — -  JJ  (V_lp)±  •  E*LQds 
£0 

(82) 

In  corrugated  waveguide,  eq.  (82)  should  be  modified  as: 

z[f3^  -klo)PE^  +jo>P0£i{k2tS-k20)PHE  s+coM0{ez  ~  £i)(kz.s  -  kz0)PEH  s 


~  ~Z  ja>M06il\j±j-E±OtSds+  Jj*(^ip)j_  •  E±o,s^s 

s  L 

(85) 

Now  some  important  points  should  be  mentioned.  These  are: 

1.  According  to  eq.  (9)-(14),  each  field  component  is  split  into  four  parts, 
and  correspondingly,  Jz  and  J±  are  also  divided  into  four  parts. 

2.  Therefore,  each  of  the  intergration  Pe,  Pei,  Piie,  Piiell,  JJ  Jz  •  E*^s 

and  ^Jy-E^ds  has  16  terms.  It  makes  the  interaction  and  dispersion 
equations  very  complicated. 

3.  Because  of  the  coupling  of  TE  and  TM  modes,  the  E,  and  Ei  are  always 
exist  simultaneously.  Therefore,  we  always  have  transverse  and  longitudinal 
interactions  accompanied.  This  is  the  most  inportant  feature  of  the  beam-wave 
interactions  in  magnetized  plasma  waveguide. 
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VI.  Some  new  interactions  that  may  occur  in  a  magnetized 
plasma  waveguide 

A.  A  possible  new  interaction 


There  exists  a  special  kind  of  wave  family  that  can  propagate  in  a 
magnetized  plasma  waveguide  in  the  frequency  region:  ( cop<co<(oc  or 

co c  <  co  <  co p),  called  the  cyclotron  modes.  In  particular,  some  of  these  waves  are 

inherently  backward  waves  (negative  dispersion).  So  we  may  possibly  have 
discovered  a  new  interaction  mechanism  with  the  cyclotron  waves.  Also  with  the 
backward  wave,  we  can  construct  a  new  type  of  BWO  without  a  periodic 
structure. 

The  formulations  of  beam-wave  interactions  with  cyclotron  waves  are  the 
same  as  those  have  been  given  in  the  above  sections. 

In  principle,  the  slow  cyclotron  waves  may  also  be  used  as  pumping  wave 
for  parametric  excitation. 

B.  A  new  hybrid  ion-channel  maser 


co,  = 


_  6>c0 


2/c 


f 


1  + 


1  + 


4y0co 


-2\1/2 


CO 


cO  J 


C.  Parametric  coupling  excitation 


There  are  varieties  of  propagating  waves  in  a  magnetized  plasma 
waveguide.  It  is  natural  that,  when  the  driven  electron  beam  is  present,  there 
must  be  some  coupling  between/among  waves,  and  the  coupling  may  lead  to 
some  instabilities.  In  [14],  for  example,  a  parametric  coupling  excitation  was 
presented.  It  is  suggested  that  the  TG  mode  parametrically  couples  with  a  TM 
mode  to  excite  a  negative  energy  beam  mode.  The  beam  mode  feeds  energy  into 
the  positive  energy  TG  and  TM  modes  giving  rise  to  an  explosive  instability. 

In  the  magnetized  plasma  waveguide,  actually,  the  mechanism  is  modified 
from  that  given  in  [14],  Here  the  TG  mode  should  parametrically  couple  with 
either  the  EHmn  or  HEn,a  mode,  or  even  with  one  of  the  cyclotron  modes,  and  then 
excites  the  electron  beam.  Now  there  are  two  transverse  wave  numbers  pi  and  p2, 
so  the  excitation  condition  shoud  be  modified  also. 

Considering  the  varieties  of  waves  that  can  propagate  in  a  magnetized 
plasma  waveguide,  the  formulations  become  much  more  complicated,  some 
results  will  be  given  in  another  paper  by  the  authors. 
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VIII.  Discussion  and  analysis 


1.  Physically,  the  cyclotron  motion  of  the  background  plasma  electron 

Ax 

plays  a  very  important  role.  Because  of  it,  we  have  s2  =  -  — — —  *  0  (see  e(I- 


(5)),  and  it  causes  first,  the  coupling  between  TE  and  TM  modes  because  of 
b*0  and  d*0.  Secondly  it  produces  the  additional  parts  of  the  wave  field 
components  associated  with  kg  =  k:e;.  These  parts  of  the  wave  field  are 

directly  involved  in  the  beam-wave  interactions. 

2.  The  field  patterns  in  a  magnetized  plasma  waveguide  become  much 
more  complicated  than  those  in  a  vacuum  waveguide.  Due  to  the  magnetized 
plasma  fill,  the  field  structure  is  completely  changed.  There  are  two  eigenvalues 
and  two  corresponding  eigenfunctions,  the  filling  plasma  produces  the 
additional  parts  of  the  wave.  Therefore,  all  field  components  for  example,  E<p 
may  be  divided  into  four  parts:  E„  =  E„, +E,, +E«pip +E„,p.  Where  E<pi  is 
produced  by  Hz  =  A,h,Jm(p1R)+  A:h:Jin(p;R)  and  is  called  the  TE-like  part. 
E(p2  is  produced  by  E:  =  A\Jm(p\R)  and  *s  called  the  TM-like 

part.  E<pip  and  E^p  are  due  to  plasma  background  in  addition  to  the  TE-like  part 
and  TE-like  part,  respectively.  All  these  parts  are  involved  in  the  beam-wave 
interactions. 

This  field  complexity  certainly  will  strongly  influence  the  beam-wave 
interactions.  Correspondingly,  we  have  the  RF  current  density: 
K  =J*.  +J,2+J*.P+Wand  Jx  =  JI:+Jz:+JI.p+Jz2p  (See  part  n  of  the  paper). 

The  beam-wave  interactions  mainly  depend  on  the  term  J jj-E*ds. 


Therefore,  the  interactions  are  much  more  complicated  as: 

JJ  J^E^ds  =  JJ  /p  ’  =  JJ {^(p\^q>\  +  ^(pl^cpl  +  J(p\E(p\p  +J(p\E<p2p  +  Jq>lpE<p\  ^(plp^cpl 

^<p\p^(p\p  ”^<pip^<p2p  <pl^<p\  ^^(p2^g>2  +  J <p2^(p\p  +  ^(p2^(p2p  ^  J  <p2p^(p\ 

+J<p2pEp2  +  J<p2pE*<p\p  +J<p2pElip)ds-  Likewise  for  JJ  7.  •£.*<&.  Since  the 
JJ  J±  •  E]_ds  represents  the  transverse  beam-wave  interaction,  and  since 
jjj,-E*ds  represents  the  longitudinal  beam- wave  interaction,  since  both  E, 


and  E*  are  always  existent,  we  can  see  clearly  that  the  transverse  interaction  is 
always  accompanied  by  the  longitudinal  interaction.  So  the  beam-wave 
interactions  in  a  magnetized  plasma  waveguide  are  much  more  complicated  and 
richer  than  that  in  the  vacuum  case. 

3.  The  instability  of  longitudinal  interactions  and  that  of  transverse 
interactions  may  or  may  not  occur  in  the  same  frequency.  The  instability  will 
be  enhanced  in  the  case  where  they  occur  at  same  frequency.  In  the  case  they 
occur  in  a  different  frequency,  a  spurious  spectrum  will  occur. 
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IX.  Conclusion 


The  basic  theory  of  electron  beam-wave  interactions  in  a  waveguide 
filled  with  plasma  immersed  in  a  finite  magnetic  field  has  been  presented  in  this 
paper.  The  interaction  equations  and  dispersion  reations  for  both  longitudinal 
and  transverse  interactions  in  magnetized  plasma  have  been  formulated.  These 
equations  cover  almost  all  kinds  of  beam-wave  interactions.  They  can  also  be 
used  for  parametric  excitations  that  may  exist.  The  interaction  equations  can  be 
used  for  both  linear  and  non-linear  waves,  and  the  dispersion  relations  can  only 
be  used  for  the  linear  case.  The  theory  given  in  this  paper  is  valid  as  long  ain 
property  of  the  plasma  background  is  not  distorted,  that  is  as  ong  as  the 
backgiound  plasma  can  be  described  by  the  permittivity  tensor  as  in  equations 
(6)-(8).  From  the  formulations  given  in  this  paper,  the  following  results  can  be 
obtained: 


1.  The  importance  of  the  background  plasma  is:  (1).  The  electron 
gyrating  motion  of  the  background  plasma  couples  the  TE  modes  and  TM 
modes.  They  are  always  coupled  to  each  other.  (2).  This  coupling  generates  the 
hybrid  HE  mode  and  EH  mode.  Besides,  because  of  the  magnetized  plasma, 
there  are  varieties  of  modes  propagating  along  the  waveguide.  (3).  The 
background  plasma  itself  is  involved  in  the  electron  beam-wave  interactions  by 
producing  the  additional  parts  of  the  wave  that  depend  on  the  gyrating  motion. 
Thus,  the  magnetized  background  plasma  makes  the  electron  beam-wave 
interactions  much  more  complicated  and  rich. 

2.  Since  the  TE  and  TM  modes  are  always  coupled,  in  plasma-filled 
microwave  devices,  therefore,  there  are  no  pure  transverse  interactions. 
Likewise  there  is  no  pure  longitudinal  interaction,  if  there  is  any,  even  small, 
transverse  electron  motion,  there  must  be  some  transverse  interaction.  It  is 
inherent  in  a  magnetized  plasma-filled  waveguide  that  the  transverse  and 
longitudinal  interactions  are  couped. 

3.  Since  there  are  varieties  of  waves  in  a  magnetized  plasma  waveguide, 
when  the  electron  beam  is  present,  coupling  between/among  waves  may  happen. 
The  low  frequency  plasma  modes  (TG  modes  or  even  cyclotron  waves)  may 
serve  as  the  pumping  wave,  and  parametric  excitation  may  be  obtained. 

4.  There  is  a  special  kind  of  wave  family  in  the  frequency  range: 
(©„  <©  <<ac  or  ©c  <©  <©p),  called  cyclotron  modes.  The  waves  in  this  family 
are  all  electromagnetic  waves.  They  can  interact  directly  with  the  electron  beam, 
since  their  phase  velocities  may  be  less  than  the  speed  of  light.  In  particular, 
some  of  the  cyclotron  waves  are  inherently  negative;  they  are  backward-wave 
naturally.  The  inherent  backward-wave  even  may  be  used  for  building 
backward-wave  oscillators  without  periodic  structures. 
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5.  The  instabilities  caused  by  longitudinal  and  transverse  interactions 
may  lead  to  two  cases:  (1).  If  two  instability  mechanisms  occur  at  the  same 
frequency  or  in  the  same  frequency  band,  if  it  is  properly  adjusted,  the 
instability  will  be  dramatically  enhanced.  (2).  If  two  instability  mechanisms 
occur  at  different  frequencies  or  frequency  bands,  then,  spurious 
oscillations  may  occur. 


6.  The  coupling  between  TE  and  TM  modes  in  the  waveguide,  and 
the  intensity  of  the  interactions  due  to  the  participation  of  the  plasma 
depend  on  the  plasma  electron  gyrating  motion  and  the  plasma  background 

„  ■>  ^ 

density,  and  is  proportional  to  the  parameter  k2  =  k2s,  =  -k2  - — -j,  £,  = 


t  =  — .  It  is  clear  that  adjusting  the  magnetic  field  and  the  density  of  the 

00 

background  plasma  is  important  for  the  design  and  operation  of  the  plasma 
filleddevices. 


7.  For  the  plasma  filled  case,  ECRM  is  prefer  to  operate  at  high 

harmonics.  ou-kzvz -loyc  =  0,  1>2. 

8.  Theoretical  predictions  show  that:  in  general,  the  frequency 
spectrum  and  the  spurious  output  of  plasma  filled  devices  may  not  be  as 
good  as  that  of  vacuum  devices.  Perhaps,  that  it  is  the  price  that  we  must 
pay  for  enhancing  the  output  power  and  efficiency  of  microwave  devices  by 
means  of  plasma  filling. 
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Part  II  Kinetic  theory  of  Electron  Beam-wave 
interaction  in  magnetized  Plasma  Waveguide 

I.  Introduction 

In  this  part  of  the  paper,  the  kinetic  theory  is  used  for  analyzing  the 
electron  beam,  while  the  plasma  background  is  still  treated  by  fluid  theory. 

II  Kinetic  Theory  of  Electron-beam-wave  interactions  in 
uniform  magnetized  plasma  waveguide 

A.  longitudinal  interaction 


The  dispersion  equation  for  longidudinal  interaction  is  : 

£Z  (k:  ~  k:0  )PE  +  o£2  (k:  ~  k:0  )PHE  = 

•£*&+—/ PiE'Jb  (1) 

*0 

Where J.  and  /?,  are  going  to  be  calculated  by  using  the  kinetic 
theory: 


(2) 


P\  ~  ~ej  f\dp  (3) 

/,  is  the  perturbed  distribution  function.  The  integrations  should 
be  completed  in  momentum  space,  according  to  vlasov  theory.  In  this 
case  it  can  be  written  as: 


Where  f0 
motion  is 


JeE:  <fo 

(o-ky o 


is  equilibrium  distribution  function,  if  the  transverse 
not  taken  into  consideration,  can  be  chosen  as: 


(4) 


fo  =  ~£(P.  -PJ0(RC-R)  (5) 

After  integration  in  momentum  space,  the  dispersion  equation  for 
longitudinal  interactions  can  be  obtained  : 


£M;-k;u)PE  +j<OM0e2(k:-kJPHE  =  ~(k  £'  k:  ]P£ 

(a>-ky:ll)- 


(9) 


Which  is  the  same  as  the  dispersion  equation  derived  through  fluid 


theory. 
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B.  Transverse  interactions 


For  transverse  interactions,  we  have: 

^  =  ij^  n*‘vV-  +pRJl) 

■^l,  =  2^:Z| +PiRcJ») 

-£^(o)2 -k:cz^f0dp 

+PA^~k^) 

{k.<aK2m eoc(ex  - 1)  +  Z>(«w.  -  *,c:))j/o^ 


(10) 


(11) 


(12) 


J*l,  =  -7'2^2Xj^j^[^Vl(^  ~^W//)(2-4  +PiRJra) 

+£'.k\P,,Klcoc(<Jm  +piRcJm)Y&ikgC06>cp\{k1 


Where  the  space  charge  effect  is  neglected.  The  dispersion  equation  for 
transverse  interaction  can  be  obtained  as  follows: 


kj0}PE1  +  jct)fx0£2(k.  k;0  )PHEi +®Mo{e3  )  ’ 


(*.*)/>  =-,„S£?£ly±JQl_Qi£LI-- 


Here  the  dispersion  equations  (14)  can  be  used  for  large  orbit  cyclotron 
masers . 
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III.  Kinetic  theory  of  Electron  Beam-wave  interactions  in  a 
corrugated  plasma-filled  waveguide 


Longitudinal  interaction: 


Z*ite  -  *i>.,  +***,(*„  -  *Jpm, .  zaZ!**'' 

1  *  o)' 


Transverse  interaction: 

S  ^3  (  k  :s  kMs)  PgLs  +  j(Opi0£2  {k;yS  ~  ^  :0.s)  ^HEL.s  ®Mo  ( £3  ~  £j)  " 


/  \  A 

( ~  k zO'S) Pehl.s  ~  6  nG0}flQSx  '^~ZT R( 

l,S  LJ 

P-s  ~  S  (^2l.j  +  $22  j  +  $2\ pj+  $22 p,s ) 


Q  Or  u- 


(26) 


(27) 


(28) 


IV.  Plasma  -filled  Electron  Cyclotron  Maser(ECRM) 


For  the  plasma-  filled  electron  cyclotron  maser,  with  electrons 
are  gyrating  around  a  guiding  center  with  a  small  cyclice  orbits,  the 
dispersion  equation  should  be: 

£3 (k2  -  k‘0 )PE1  +  jajs0s2 (k2  -  k,0 )P ^  + 

^0^3  ~ex){k2 -kJP^  =-ja)MosJjg  .E;ods-—j(viP)  -E^ds 

£0 

(32) 


where: 


■mO  oO 


J6  =  -ej dp.j p.dp,  | d<tfx  -2s- 
-«*  0  0  moY 

®  2k 

P  =  -ejdp,jp1dpljdtf] 


(33) 

(34) 


where  the  petrubed  distribution  function  is: 


/,=~efdt 


(Ee  +  v.B'r)\—  +—^L 
;  *  \4>,  ^  4V 


The  integration  should  be  taken  along  an  unperturbed  orbit,  and  /0 
is  equilibrium  distribution  function. 


(35) 


/o  = 


>h 


4*‘Pi  oK 


S(P:  ~P:o)S(P±  ~Plo)S(R,  -Ro) 


(36) 
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where  Rq  is  the  radius  of  guiding  center  of  electron  beam.  Since  the 
field  can  be  splited  into  four  parts,  we  get: 


Eq  —  Eq\  +  ^Qp  +  Eeip&C' 

(37) 

f\  =  fn  +/i2  + f\\p  +f\2p 

(38) 

J e  =  Jq\  +  +  Jq\  p^  J 02 p 

(39) 

Thus,  we  get: 


/{  Jg  •  Egds  -  JJ (j gxEgx  +  JS] +  Jg]EgXp  +Jg]Eg2p  +  J e\pE e\  +  J e\pEez  +  ^e\ppe\p  + 

^0\pp62P  +  ^62P0l  +  J 62^82  +  ^e2P0\p  +  ^O2P02p  +J&pEg\  +  ^02pP02  +  ^02pEg\p  +  JgZpEgiy} 


(40) 

Equation (51) -(54)  indicates  that  the  electric  field  of  the  wave  is 
splited  into  four  components:  EeuEn,Eg^p  and  i^etc. .  E$\  and  En 
are  the  TE-like  and  TM-like  field  components,  respectively.  Eg and 
Eg2P  are  the  field  components  due  to  plasma  background  corresponding 
to  TE-like  and  TM-like,  respectively.  The  fu,fn,fuP  and  fxlp  are  the 
four  components  of  perturbed  distribution  functions  corresponding  to 
Eg\>Ee2>Eeip  and  Eg2p etc. ,  respectively,  and  Jg\,Jg2p  are  those  excited 
by  the  field  components  corresponding  to  that  due  to  plasma 
background  for  TE-like  and  TM-like  fields,  respectively.  It  can  be 
remembered  that  when  plasma  is  absent,  Jgip  and  Jg2P  disappear,  Jg] 
and  Jg2  are  left  but  they  are  separated  and  can  be  exist 
independently. 

After  a  proper  and  long  mathematical  manipulation,  we  can  obtain  the 
dispersion  equations  of  the  plasma-filled  ECRM  as: 


where: 


and: 


) 

HEl 


Sl(kl  ~kri)PEl  ~kJPHEL  +0}Mo(£3  ~£\  )(k:~k:o)PHE 

7;  zji 


col  gfl  X-  4?  „ 
c  y  vi0  u  D  L^i 


j 


■k 


m-li 


(45) 


P\  ~  P6U  +  P6\ pi  +  ^021  +  P02pl 

P2  ~  P0\2  +  P0\p2  +  P022  +  P02p2 


(46) 


Q,  =co-kyi  —  Ico  c 


(47) 
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B.CoupIed  longitudinal  interactions 


As  mentioned  above  in  a  magnetized  plasma  wave  guide,  the  TE 
and  TM  modes  are  always  coupled,  the  transverse  and  longitudinal 
interaction,  therefore,  are  always  accompanied  by  each  other.  So  the 
longitudinal  dispersion  equation  should  be  taken  into  account 
simultaneously.  Now,  the  J.  should  be  calculated  by  means  of  kinetic 
theory  as. 

oo  00  2k 

J.=-ej  dp.j  pLdpL  J  d<t>fx 

-oo  0  0  W07 

oo  qo  ( 0  8 ) 

=  +/12  +f\ip+/nP)dPi 

-oo  o  7 

After  integration  along  momentum  space,  we  can  obtain  the  dispersion 
equations: 


ei(kl  - kjo)PE  +jo>M0e2(k:-k:0)PHE  =  2 

c  r  vio 


n2/3±/3, 


|n,  a- 


(65) 


n,,rij  are  given  in  Appendix  D. 

From  the  above  formulation,  we  can  see  that: 

1.  Although  the  dispersion  equations  of  plasma-filled  ECRM  are  very 
complicated,  the  structure  remains  unchanged.  There  are  also  two  main 

terms:  {o)-k.vt and  {a>-k.v} -la>e)  terms,  which  are  very 
familiar  in  the  theory  of  ECRM  in  vacuum  case. 

2.  Since  there  are  four  parts  of  wave  field  and  four  parts  of  RF 

current,  so  the  terra  jJ-Eds  has  16  terms.  This  makes  the  equations 


very  tedious,  but  the  physical  lines  are  still  clear. 

3.  We  can  see  clearly  that,  looking  at  the  TM-like  and  TE-like  parts 
separately,  the  structures  of  the  dispersion  equations  are  similar 
with  that  in  vacuum  case.  And  when  the  plasma  is  absent,  the 
equations  reduce  to  that  for  vacuum  case  . 

4.  The  most  important  differences  between  the  plasma— filled  one  and 
the  vacum  case  are  that  in  some  of  the  terms  associated  with  the 
parts  of  field  produced  by  plasma  background,  there  is  the  imaginary 
sign  j,  These  terms  not  only  make  the  dispersion  equations 
complicated  but  also  cause  an  instability  different  from  that  in  the 


vacuum  case. 

5.  The  most  essential  difference  is  that  the  ECRM  is  always 
accompanied  by  and  coupled  with  corresponding  longitudinal 
interactions. 
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C.  Corrugated  waveguide 

The  above  equations  are  for  a  smooth  waveguide.  For  a  periodical 
structure,  we  have: 


Z[  £3(^.1  ^rO )  +  jUMo £1  ( ^:,s  ^:0 ) ^HEl.s  +  ®Po  (£i  £>  ^.-0  ) ^EHl,s ] 

=  —  Zf.Z^/^0^1  J-f  “Vj  '  ^0 

(66) 


and: 


Similarly: 


«  00  2k 


Je,  =  -*j  dps  J  pLdpL  J  dtfu 

-oo  0  0  "70x 


(67) 


Ee,s  “  &e\  ,s +  +  Eq\  p,s  +  &41  Pj 


(69) 


f\.s  ~~  f\\,s  +f\Zj  +  f\\pj  +  f\2pj 


(70) 


J$.s  “  Jq\.s  +  J&I.S  +  /pi  p, j  +  *^02 pj 


(71) 


^  jj  *^9.1  *  EQids  -  ^  JJ  +  ^e\,s^$2,s +  ^eu^e\ pj  ^eu^ei P, * +  ^ e\ p^q u  + 

X  X 

Jffl  pjEfflj  +  dg\  pjEg  1  pJ  +  jg\  pJEg2  p,s  +  dg2  %fig\,t  +  dglsEgZs  +  JgijEg\ ps  + 
dgz,,^gipj  +  dg2pjEgXj  +  d$2  p,,Eg2j  +  dg2pJEei  pI  +  Jg2ptSEg2p^jdS 

(72) 

If  only  taking  the  resonance  term,  we  just  need  to  delete  the  £  in 

s 

the  equations  and  replace  the  arguments  inJu,Ju,Jm.u  by  pit/e 
andPlJ,Rg. 

For  the  accompanied  longitudinal  interaction,  we  have: 


X 


.s)^E.s  +  jCOMo£2  j  — 


Co\  0}£\ 
£'  r^io 


zz 


ILl 

«u 


2 


(73) 


It  should  be  noted  here  that  when  re— all  the  results  given 
here  reduce  to  that  given  in  section  II  and  III. 
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V.  On  the  combination  of  Transverse  and  longitudinal 
Interactions 


From  the  kinetic  theory  of  ECRM  and  accompanied  longitudinal 
interactions  given  in  above  section,  we  can  see  that,  if  there  is  electron 
transverse  motion,  both  transverse  and  longitudinal  interactions  can  co¬ 
exist  under  the  condition: 

Cl,  =  o)~  k.v.  -lo)c»0 
or  Cls  =  a)- k:sv.  - lo)c  * o 

It  should  be  emphased  here  that  the  coexistence  ( or  combination)  of 
transverse  and  longitudinal  interactions  (ECRM  and  Cherenkov  or 
ECRM  and  BWO,  for  example)  is  one  of  the  most  significant  features  for 
electron  beam-wave  interactions  in  magnetized  plasma  waveguide.  Now, 
since  tlire  is  electron  transverse  motion,  the  singularity  is  also 
Cl  =  Q)-k_v_-lcoc*0 ,  rather  than  that  given  in  [8](  a- k.v.  * 0 )  for  coupled 
longitudinal  interactions. 

VI  Summary 


Kinetic  theory  of  Electron-Beam-Wave  interactions  in  magnetized 
plasma  waveguide,  for  both  longitudinal  and  transverse  interactions  in  both 
smooth  and  corrugated  waveguide  have  been  given  in  this  part  of  paper, 
the  following  points  are  significant: 

1 .  Althrough  the  mathematical  manipulations  are  tedious,  the  structures 
of  all  the  dispersions  are  simple,  they  consist  of  two  parts,  one  is 


proportional  to  —  or  —  j(  or 


Aj 


(fT~J )’  anotlier  one  is  t0 


1 


n!J0I\n? 

vacuum . 


l 


7  (  or 


Cli 


,J 


A, 


■uJ 


)  ,  It  is  just  like  that  is  familiar  in 


2.  One  of  the  most  important  features  of  the  beam- wave  interactions 
in  magnetized  plasma  waveguide  is  coexistence  (simulate  existence)  or 
combination  of  both  instabilities  of  transverse  and  longitudinal  interactions, 
it  is  because  that  in  such  plasma  waveguide  the  TE  and  TM  modes  are 
always  coupled  so  the  Ez  and  EL  field  components  are  always  exist 
together.  Because  of  the  transverse  motion  in  magnetic  field,  the 

singularity  of  the  accompanied  longitudinal  interaction  is 
Cl  =  o)~  k.v.  -  Ico e  ~  0 . 
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3.  Another  one  of  the  most  important  features  is  that  in  the 
dispersion  equations  there  are  special  terms  that  contain  imaginary 
sign(j)  ,  These  terms  are  generated  by  the  field  parts  that  are 
produced  by  the  plasma  background.,  these  imaginary  terms  may 
bring  influence  on  the  instability. 

4.  Only  when  there  is  no  transverse  motion,  we  can  have  pure 
longitudinal  interaction,  and  the  singularity  is  now  Cl  =  co-k.v _,  as  that 
for  TM  mode  in  vacuum  case. 

5.With  the  coexistent  instabiIities(ECRM  and  Cherenkov,  for 
example), there  must  be  some  difference  of  frequency  response 
between  the  two  kind  of  interactions,  spectrum  purity  of  the  output  of 
the  device  base  on  the  magnetized  plasma  filled  waveguide  may  not  as 
good  as  vacuum  ones. 

6.  For  a  plasma  filled  case,  the  ECRM  prefers  to  operate  at 
higher  harmonics  (1^2). 
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(¥l)  ui! 


Longitudinal  Interaction 


f  (GHz] 

Fig.IV.4  The  real  part  of  k.Re  of  HEoi  mode  vs  the  operation  frequency. 


f  (GHz) 


Fig.IV.5  The  imaginary  part  of  k.Rc  or  the  space  growth  rate 
ofHEo,  mode  w  the  operation  frequency. 


Lm  (to)  ( 1 0Q4z)  jm  (03)  ( i  0GHz) 


Hybrid  Ion-channel  Maser 


B0=2T 

Np=2xlO,0cm*3 
Nb=L\106cm'3 
1^=6 mtn  Rp=10nim 
R=18mm,  $,,=0.41 


The  gain  of  HEn  mode.  Some  important  parameters  are  list. 


The  gain  of  HEu  mode. 


Plasma  Filled  ECR  Maser: 


Fig.IV.ll  Growth  rate  versus  (Dc  of  Waveguide  mode 


Fig.IV.12  Growth  rate  versus  <bp  of  cyclotron  mode 


4.  Robert  J.  Barker  and  Shenggang  Liu,  “A  New  Hybrid  Ion- 
Channel  Maser  Instability”. 
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A  New  Hybrid  Ion-Channel  Maser  Instability  *** 


Robert  J.  Barker  *  ,  Liu  Shenggang** 

Abstract:  A  new  hybrid  ion-channel  maser  instability ,  in  which  the  electron  cyclotron 
maser  instability  mechanism  and  the  ion-channel  instability  maser  instability  mechanism 
are  combined,  is  proposed  and  studied.  The  features  and  the  dispersion  equation  of  the 
new  maser  are  given  in  the  paper  with  detailed  discussion. 


I.  Introduction 

An  ion-channel  can  be  formed  due  to  either  intens  laser  beam  or  relativistic  electron 
beam  injection.  Based  on  this  effect,  varieties  of  ion-channel  lasers’  and  ion-channel 
masers’  instabilities  have  been  presented  and  studied  [l]-[5].Now  a  new  instability 
-scneme  is  proposed,  in  which  the  ion-channel  maser  instability  and  the  electron  cvclotron 
maser  instability  are  combined.  Theoretical  analysis  and  the  dispersion  equation  "of  the 
new  instability  mechanism  are  given  in  the  paper.  It  shows  that  this  new  hybrid  ion- 
channel  maser  instability  has  some  interesting  features. 


H  Analysis 

In  an  ion-channel,  the  force  affecting  the  electron  motion  is 

'  2c0  RC' 

It  is  a  centripetal  force,  we  get  the  cyclotron  frequency  as 


*  ■»  u  c  nn 

=  ^;/2>0.  <y-=LL_JL  (2) 

"•  IS  the  ion  density  and  }0  is  the  relativistic  factor  of  the  electron  beam.  Almost  all 
electromagnetic  instabilities  of  ion-channel  laser'  and  maser’  are  based  on  equ  O 
II  there  exists  an  axial  magnetic  field  B  ,  we  have  a  combined  force: 


F  =  F  +  F  = 


-R  +  \e\B0ve 


It  Shows  that  both  F,  and  Fm  are  centripetal  force.  Then  we  get  the  electron  cvclotron 
frequency: 


***  prttwted  <U  24-tk  Omf.  (971  1MW  ,  CA  .U$A 

,  / m . 
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Mi. 2 


7 


<*>0 

at-r 

II 

Where  cotii  = 

1  + 

•-  J 

J 

(4) 


When  a,  0  »  ccp  ,  we  get  co0  =  ^ ,  when  a;  »  a;,  ,  we  get  <y0  =  . 

The  former  one  is  the  base  of  Electron  Cyclotron  Maser  instability,  the  ?‘l/;  energy 
dependence  of  which  is  ?*'  ,  while  the  second  one  is  the  base  of , on-channel  master 
instability,  the  energy  dependence  is  7~01'2  [  3  ].Now  equ.(4)  shows  that  for  the  new  hybrid 
one  ,  the  energy  dependence  is  not )?,  nor  y/2 ,  it  is  a  new  interaction  scheme. 


m.  Dispersion  Equation 

By  using  the  fluid  model  the  following  dispersion  equations  of  the  hybrid  ion-channel 
maser  instability  can  be  obtained: 


Pe 


J 

(5) 


Where 


n  =  a-k:0v:Q-cc0 


R  =  ^- 


(6) 

(7) 


7  =  He|(£l+y0x5|)/?o(P|=^ 

A 


'•i 


a  = 


(i  +  yIP'] 


2nA^  ■<  O)2 


(8) 

(9) 


Q--CO- - — 

To 


Where  j  is  the  force  due  to  the  electromagnetic  wave  field: 


(10) 


j  —\c\{E\  +  vo  x  A, ) 


(11) 
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Substituting  the  field  expressions  into 
of  the  dispersion  equation. 


the  above  equations  we  can  get  the  complete  form 


IV.  Conclusion 


A  new  kind  of  ion-channel  maser  instability  is  proposed  and  studied  in  the  paper.  This 
hybrid  ion-channel  maser  is  based  on  the  combination  of  magnetic  electron  cyclotron 
maser  and  the  ton-channel  maser  instabilities.  The  theoretical  analysis  given  in  the  paper 
shows  that  the  new  hybrid  ion-channel  maser  instability  has  the  following  features: 

1.  The  new  instability  mechanism  is  based  on  the  hybrid  cyclotron  frequency  that  has  a 
special  enerp  dependence  ( l/2<q<  1 ).  Accrding  to  [3],the  energy  dependence  can  be 
written  as  ,  it  showed  in  [3]  that  there  are  three  kinds  of  the  dependence-  q=  1  is  the 
electron  cyclotron  maser  instability;  q=  1/2  is  the  ion-channel  maser  instability  and  q=0 
is  the  Free  Electron  Laser  instability.  Now  we  get  a  new  one  the  q  of  which  should 
ef  l/2<q<l)..  Actually ,  there  is  another  one,  the  Electrostatic  Electron  Maser  [5  1  the 
energy  dependence  is  also  q=l/2.  Therefore,  there  are  four  different  kinds  of  energy 
dependence  for  different  instability  mechanisms:  q=0,  q=  V2,  >/2<q<l  and  q=l.  It  shows 
that  the  instability  mechanism  is  also  negative  mass  effect,  and  the  energy  dependence  is 

weaker  than  that  of  magnetic  electron  cyclotron  maser  and  stronger  than  that  for  the  ion- 
channel  maser. 


two  singularities:  £2  =  0  and 


2.The  character  of  the  singularity  in  the  dispersion  equation  of  the  new  maser  instability 
is  different  from  that  of  electron  cyclotron  maser  and  the  ion-channel  maser.  There  are 

(l  +  rip1  j  £22  -  col  ]-  (cd0  -  coc  f(l  +  yip:  )]=  0 

V  l  ) 

■  The  last  one  was  never  seen  in  published  papers. 

j. Comparing  with  the  electron  cyclotron  maser  and  the  ion-channel  maser ,  the  new 
hybrid  ion-channel  maser  may  have  some  advantages:  At  first,  because  of  the  ion 
neutralization  the  beam  density  can  be  increased,  secondly,  since  q<l,  for  the  same 
electron  energy,  the  operating  frequency  may  be  higher.  In  addition,  since  the  interaction 
takes  place  in  the  ion-channel  region,  stronger  interaction  efficiency  is  expected. 


*AFSOR.  USA;  **UESTC.  P.R.China. 


References 

1-  David  H.  Whilttom,  Phys.  Fluids,  B4(3),  730.  1992, 

1  David  H.  Whilttom.  Andrew  M.  Sessler  and  J.  M.  Dawson.  Phys.  Rev  Letters 
64.21.2511,1990. 

3  199l’  Chen'  J'M‘DaWSOn’  A  T-  Lin  ^  T-  Katsolear.  Phys.  Fluids,  B(3),5,  1270. 

4.  Chang  J.  Tang,  Pukun  Liu  and  Liu,  Shenggang.  J.  Phys.  D.  Appl.  Phys.  29,  90,  1996, 

5.  Liu  Shenggang.  Robert  J.  Barker ,  et  al.  Unpublished  paper, 

6.  Liu.  Shenggang  et  al.  J.  Appl.  Phys.  59,3621,  1986. 


7 


A  New  Hybrid  Ion-channel  Maser  Instability* 
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Gao  Hong  ,  Yan  Yang  and  Zhu  Dajun  r 

Abstract—  A  new  hybrid  maser  instability  is  described  for  the  case  of  wave 
interactions  for  an  electron-beam  propagating  through  an  ion  channel  in  a  plasma-filled 
waveguide  immersed  in  a  finite  axial  magnetic  field.  A  complete  linear  theoretical 
formulation  and  sample  numerical  calculations  are  presented.  The  significant  features  of 
this  new  hybrid  instability  are  discussed. 


INDEXING  TERMS:  Ion-channel,  Hybrid  Instability,  Plasma-filled  Waveguide, 
Perturbation  Theory 

I.  INTRODUCTION 

When  a  thin,  annular,  intense  relativistic  electron-beam  (REB)  of  radius,  Ro,  and  electron 
density,  nb,  propagates  through  a  plasma  of  density,  np;  an  ion-channel  may  be  formed  of  radius, 
Rp  -  R0(nb  / np)vl.  Based  on  this  effect,  varieties  of  ion  channel  laser  and  ion  channel  maser 

instabilities  have  been  presented  and  studied.  Whittum  and  Sessler  first  proposed  the  concept  of 
an  Ion-channel  Laser  in  1990  [1],  [2].  Then  Whittum  studied  the  electromagnetic  wave  instability 
of  the  ion-focused  regime  in  detail  [3].  The  Ion-ripple  Laser  was  proposed  by  Chen  and  Dawson 
in  1992  [4],  [5].  Tang  et  al.  [6]  studied  electromagnetic  wave  instabilities  in  an  ion-channel  (IC) 
electron  cyclotron  maser  (ECM)  and  proposed  the  concept  of  the  ICECM.  Recently,  Parashar  et 
al.  [7]  studied  electromagnetic  wave  scattering  in  an  ion-channel.  Jha  and  Kumar  [8]  presented  a 
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linear  theory  to  study  the  ion-channel-guiding,  magnetic-wiggler  FEL.  Thus,  research  on  the 

production  of  coherent  radiation  based  on  the  ion  channel  effect  has  been  very  active  in  recent 
years. 

An  ion  channel  can  be  used  to  improve  the  quality  of  relativistic  electron-beams  (REBs)  by 
helping  to  radially  confine  the  beam  current.  The  whole  or  partial  charge-neutralization  provided 
by  the  channel's  ions  permits  devices  operating  at  higher  beam  currents  for  a  given  structure 
radius  which  results  in  enhanced  microwave  output  power.  Not  only  the  REBs  themselves 

flowing  through  a  plasma-filled  waveguide,  but  also  intense  laser  beam  pulses  can  be  used  to 
form  an  ion-channel  via  ponderomotive  force. 

In  this  paper,  a  new  hybrid  ion-channel  maser  instability  scheme  is  proposed,  in  which  the 
ion  channel  maser  instability  and  the  electron  cyclotron  maser  instability  are  combined. 
Theoretical  analysis  and  sample  numerical  calculations  of  the  new  instability  mechanism  are  also 
presented.  The  interesting  features  of  this  new  hybrid  ion  channel  maser  instability  are  discussed. 

II.  THEORETICAL  ANALYSIS 

We  begin  with  the  idealized  physical  structure  of  a  hollow  electron-beam  propagating 
through  a  magnetized  plasma-filled  waveguide  as  shown  in  Figure  1.  The  waveguide  we  consider 
here  is  an  axially  symmetric,  cylindrical  structure.  For  simplicity,  we  assume  a  preformed  ion 
channel  (created,  for  example,  by  a  laser  pulse)  into  which  the  hollow  e-beam  is  injected.  We 
examine  the  highly  relativistic  case  for  ion-channel  formation  where  np>nb  I  y20.  It  is  easy  to 

show  that  for  this  condition,  the  force  acting  on  beam  electrons  due  to  the  channel  ions  is  much 
larger  than  the  force  due  to  the  beam  itself  (i.e.  -  the  self-field).  Therefore,  in  the  highly 
relativistic  case,  this  force  due  to  the  ions  in  the  ion-channel  must  be  taken  into  account. 

In  the  ion-channel  the  force  due  to  the  ions  is: 

F-  ll!!ARe 

2s0  Re*  (1) 

where  it,  is  the  ion  density.  Equation  (1)  takes  the  form  of  a  centripetal  force.  It  is  clear  that  this 

force  does  not  contribute  to  the  longitudinal  interactions  where  the  beam  electrons  propagate  in 
the  z-direction  along  the  axis.  However,  this  ion  force  very  strongly  influences  transverse 


2 


interactions.  If  there  were  no  magnetic  field,  this  is  the  only  force  that  acts  on  the  beam  electrons 
besides  the  rf-field  force.  This  B0=0  case  corresponds  to  the  ion-channel  maser/laser  case  [1],  [2], 
[9]-[12J.  The  electron  betatron  frequency  is: 

2  2  n  ,  *> 

m0  =  Mp  -r0  •  where  <a>:  =  p  (2) 

m0£0  ' 

where  y0  is  the  relativistic  factor  of  the  electron  beam.  Almost  all  the  electromagnetic 
instabilities  of  ion-channel  lasers  and  masers  are  based  on  (2).  If  the  system  is  now  immersed  in 
an  axial  magnetic  field,  the  beam-wave  interactions  become  more  complex.  In  fact,  a  new  kind  of 
hybrid  interaction  emerges.  For  this  case,  the  beam  electrons  are  moving  in  a  combined  field  that 
produces  the  force: 


f=f+f= 


~^-R  +  ,eBoVp  eR 


where  Ft  is  the  ion  force  and  Fm  is  the  force  due  to  the  magnetic  field  (Lorenz  force:  (v  x  B0)R). 

Both  of  these  force  components  are  centripetal  forces,  that  yield  the  electron  cyclotron  frequency 
as 


^  i+ 1+^ 
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where  coc0  -  -  and  B0  is  the  applied  axial  magnetic  field. 

m0 

When  coc0  »cop ,  we  obtain  cu0  =  coc  =  coc0  y0  .  However,  when  co\  »co]0 ,  we  get: 

Mq  —  m p  !  Jly o  •  The  former  is  the  basis  of  the  Electron  Cyclotron  Maser  instability,  and  the 
latter  is  the  basis  of  the  Ion-Channel  Maser  instability.  For  the  new  hybrid  ECM  instability 
which  we  are  presenting  here,  (4)  shows  that  the  energy  dependence  is  different  from  the  xlv~ 
proportionality  that  was  studied  in  [6]  and  [9]. 

In  order  to  derive  the  dispersion  relation  for  highly  relativistic  electron  beam-wave 
interactions  in  a  magnetized  ion-channel,  we  begin  with  the  following  general  equations  of 
electron  motion: 
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where  fReR  +  foe0  +  f.e.  =  F  is  the  force  acting  on  the  electrons  due  to  the  rf-field.  This  force 
has  the  form: 


F  =  e(E  +  v  x  5)  (7) 

In  this  formulation,  the  longitudinal  components  of  the  rf-radiation  field  in  the  magnetized 
plasma-filled  waveguide  have  the  forms,  Ez  =  AiJm(piR)  +  A2Jm(p2R)  and  Hz  =  A|h| Jm(piR)  + 
A2h2Jm(p2R),  where  pi  and  p2  are  two  eigenvalues  while  Jm(piR)  and  Jm(P2R)  are  the  two 
corresponding  eigenfunctions.  (Note  that  for  a  cylindrical  waveguide,  these  eigenfunctions  are 
Bessels  functions.)  The  transverse  rf-field  components  can  be  found  by  simply  inserting  these 
field  components  into  Maxwell’s  Equation. 

Invoking  perturbation  theory,  we  define: 


(8) 


R  =  R0+Ri;  <p  =  <p0  +  <Pi',  z  =  z0+z,;  y  =  y0+yA 
*,«*o  5  <P\<«P9  ;  z,«z0  ;  y,«y0  J 

with  the  subsequent  perturbation  expansions  performed  in  orders  of  the  amplitude  of  the  rf 
radiation  field.  Substituting  (8)  into  (5)  and  (6),  we  find: 
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and 


=  rX®o*i  +Mo)0R-Q<pi  +  ;>oQv.(lz,  (10) 

where  Q  is  the  frequency  of  the  electromagnetic  wave  and  the  detenninants  A,  AR,  A,,.  Az 


are  : 
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+  yfo2P,/P± (^:  -  2 col  +  coccoc )/.  m0 

Ar  =  jyl&P  PSp 0-®*)/*  "»o 

+  r04^2A/^x(^2 -2®o  +®i®c)/#  m0  (14) 

-72Q2[(l  +  y2^2XQ2 -col -v2p/y0)-(co0 -®c)2\f:  m0 
for  the  first  harmonic  of  the  electron  cyclotron  wave,  /  =  1 .  In  the  above  derivation,  we  followed 
the  formalism  presented  in  [12]  and  developed  in  more  detail  in  [13]. 

According  to  the  charge  continuity  equation  and  the  above  results,  we  can  get  the  expression 
for  the  perturbed  charge  density: 

P\  =  [(6?p  ~ Ri  ~j<P\  -  jk;()zx}<r06(R- R^)  (15) 

kq±i 

w'here  co  is  the  operating  frequency  and  cr0  is  the  surface  charge  density.  Then  the  beam  rf 
current  density  can  be  found  as  follows  [5],  [9]: 

J  =  ea  0S(R-R0)v[  +  ev0p, 


Js 


where  S(R-  R0)  is  the  Dirac  5 -function,  and 


=-k|o’o[-£^^i  -j(co0+n)R0<p ,  -jR0a)0k.Zi)]5(R-R0) 


J.  =\e\<70[ 


(co-n)v:0 


R\  -  Jv:0<Pi  -  j(a>  -  Vo  )- 1 W  -  R0  ) 


where  Q  =  co- k;Uv:0  -lco0,  while  Rt  ,R0^,  .  andz,  are  the  perturbed  displacements  in  the 
R.<p.  and  r  directions  respectively  due  to  the  rf-field  defined  in  (9)  above.  Then  by  using  (16)- 
(18).  we  can  obtain  the  following  dispersion  relation  for  this  hybrid  maser  instability: 
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.  fry-Q)v.0 

7  R0Q  R>  +  V:0<P'  +('<v~a}°  J ' E-.}  I*.*, 
where  we  have  defined  the  quantity: 

h=\\\E, -Eds 

The  dispersion  relation  above  is  completely  generalized  for  the  physical  system  under 
consideration  and  is  valid  for  any  mode  in  that  system. 

HI.  SAMPLE  NUMERICAL  CALCULATIONS 
It  is  instructive  to  begin  by  first  numerically  calculating  the  dispersion  relation  for  the  ion 
channel  waveguide  mode  without  the  REB  present.  The  dispersion  relation  for  the  waveguide 
mode,  HE,,,  for  various  values  of  the  plasma  density,  np,  are  shown  in  Fig.  2.  Here,  the  plasma 

was  immersed  in  a  2-tesla  axial  magnetic  field.  We  can  see  from  Fig.  2  that  the  cutoff  frequency 
of  the  waveguide  modes  increases  with  increasing  n  . 

If  one  then  injects  an  REB  of  fin  =0.06,  the  interaction  region  between  the  beam  and  the 
waveguide  mode  HE,,  may  be  determined  via  the  plot  shown  in  Fig.  3(a).  Fig.  3(b)  is  the  linear 
growth  rate  of  an  electromagnetic  wave  for  different  beam  densities,  nb,  according  to  (19).  The 

other  operating  parameters  are  listed  in  the  figure.  The  variation  of  the  maximum  growth  rate, 
Gmix,  with  beam  density  is  shown  in  Fig.  3(c). 

Fig.  (4)  shows  the  variation  of  the  maximum  growth  rate  with  the  plasma  density.  We  can 
see  that  there  is  a  maximum  growth  rate  for  certain  plasma  densities.  Fig.(4)  also  shows  the 
variation  of  the  frequency  of  the  maximum  growth  rate  for  different  plasma  densities.  We  can 
see  that  that  frequency  is  almost  directly  proportional  to  the  density. 

IV.  DISCUSSION  AND  CONCLUSIONS 
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It  is  clear  that,  the  highly  relativistic  case  in  which  the  ion  force  plays  an  important  role 
deserves  much  attention.  When  B0  =  0,  we  have  the  ion-channel  maser  (laser)  instability-.  When 

B0  *  0,  the  new  hybrid  instability  mechanism  described  herein  emerges.  This  paper  shows  that 

this  new  hybrid  instability  boasts  at  least  five  important  and  interesting  features.  First,  for  this 
hybrid  maser,  the  electron  cyclotron  frequency  is  given  by  (4).  This  tells  us  that  the  energy 
dependence  is  neither  3  nory0*'.  It  is  rather  between  y0''  3  and  .  This  classifies  this 
phenomenon  as  a  special  kind  of  negative  mass  effect. 

According  to  reference  [9],  the  energy  dependence  can  be  written  as:  y~0q .  That  work 
defined  the  following  three  kinds  of  dependence:  q  =  +1,  the  electron  cyclotron  maser  instability; 
q  =  1  /  2 ,  the  ion-channel  maser  instability;  and  q  =  0 ,  the  Free  Electron  Laser  instability. 
References  [10]  and  [11]  describe  another  case,  the  Electrostatic  Electron  Maser,  for  which,  the 
energy  dependence  also  has  q  =  1  /  2 .  This  is  due  to  the  fact  that  both  Ion-channel  Lasers  and 
Electrostatic  ECR  Masers  are  governed  by  a  centripetal  force.  Now  we  have  defined  a  new 
hybrid  case,  one  for  which  1  /  2  <  q  <  1 .  Therefore,  we  have  four  different  kinds  of  energy 
dependence  for  different  instabilities:  q  =  +1 .  q  =  1/2,  q  =  0 ,  and  ( 1  /  2  <  q  <  1 ). 

Second,  (5)  shows  that  for  this  hybrid  instability,  there  are  two  singularities: 
Q  =  co-k:0v.0-co0  and  Q3  =  (co0  -coc)2  +  (cOq  -(*y2)/Xo)-  For  the  latter,  the  operating 

frequency,  co  =  coc  +  kzo  vzo  +  (coc2  +  cop2  +  (cop2  )/y0  )l/2,  is  very  high  and  merits  further  study. 
Note  also  that  for  the  ion-channel  instability,  there  are  three  singularities:*6'  £2  =  0, 

Q3 -(4-/?;0)ry3  =0  and  Q2 -co2  =0  where  co]  =  (\  +  y]/32)co20 .  While  for  the  ECRM 
instability,  there  are  also  two  singularities:  Q  =  0;  Q3  -  co2  =0  (the  Gyro-Peniotron  instability). 

A  third  interesting  feature  of  this  hybrid  maser  is  that  the  working  frequency  is  much  higher 

than  both  <y4  and  co0  as  is  shown  in  (4).  Roush  estimation  shows  that:  co  >  r) .  or 

Xo  r0  <y;u 


1  2 

- ,  where  co r  =  -con. 

r  n 


y  o  & 

Fourth,  in  this  hybrid  case,  the  transverse  interaction  is  always  accompanied  by  the 
longitudinal  interaction,  since  we  must  have  both  E±  and  .  Jx  and  J.  [12]. 
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Finally,  it  is  obvious  that  since  the  ion-channel  permits  elevated  electron-beam  currents  and 
densities,  thus  the  output  power  of  the  maser  can  also  be  much  elevated. 

In  conclusion,  we  have  described  a  new  scheme  of  electromagnetic  wave  generation  by 
considering  the  effect  of  an  ion  channel  in  a  magnetized  plasma  filled  waveguide.  The  analysis 

yielded  many  important  and  interesting  points.  It  is  clear  that  this  new  hybrid  instability  should 
be  studied  in  more  detail. 
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CD  =  co  p ,  we  also  have  p2  =0.  But  the  curve  a  of  p2  =0  is  the  line  of 

CD2  +  C0CDc  -  CD2 

equation  J3  =  k  - - - — r— 1 -  (see  section  V  and  Appendix),  it  is  one 

G)(co+coJ 

continuos  line,  not  two  lines  as  it  was  shown  in  [4]-[6],  [8]  (for  example,  Fig.  1 
in  [5]). 

Fig.  5  shows  rather  complete  dispersion  curves.  Dashed  lines  show  three 
special  critical  lines:  D=0  and  p2  =  0.  Here  again  there  is  difference  between 

our  calculations  with  that  given  in  Fig.  2  of  [5],  Mainly,  the  cut-off  frequency  of 
HE,,  mode  is  below  so  the  mode  dispersion  curve  will  go  across  the  line 
of  p2  =  0.  We  have  also  found  that  there  is  no  HE,  mode,  and  the  curve  for 
HE,  mode  given  in  Fig.2  of  [5]  is  actually  the  line  of  p2  =  0. 

From  Fig.  5,  we  can  see  that  there  are  mainly  three  kind  of  waves:  the  first 
is  plasma  modes  their  cut-off  frequencies  are  zero.  The  second  is  the  modes 
their  cut-off  frequencies  are  lower  than  coh,  these  modes,  include  EH  modes 

and  HE  modes,  are  cyclotron  wave  modes.  The  dispersion  curves  of  these 
cyclotron  waves  will  be  condensed  between  coh  and  Max(oo  c ,  co  ) .  All 

these  dispersion  curves  can  not  go  through  <ah  line.  The  third  is  the  modes 
their  cut-off  frequencies  are  higher  than  ©h.  They  are  all  waveguide  modes. 

Fig.  6(a)  and  6(b)  show  some  waveguide  waves,  there  is  also  difference  with 
that  given  in  Fig.  3  of  [5],  the  mode  HE01  should  be  below  mode  EH0, . 

Fig.  7  and  Fig.  8  show  some  waveguide  waves  the  cut-off  frequencies  of 
which  are  close  to  ©h.  Again  there  are  differences  between  our  calculations 

with  that  given  in  Fig.  4(a)  and  Fig.  5  of  [5],  It  seems  that  in  [5]  Fig.  4(a)  the 
curve  EH,,  was  confused  with  the  line  of  D=0,  p2  =  0,  and  the  curve  HE,  is 

really  the  dispersion  curve  of  HE,,. Fig.  8  shows  that  many  EH  modes  are 
cyclotron  modes. 

It  should  be  mentioned  that  in  order  to  easily  make  comparison,  all 
parameters  used  in  our  calculations  are  the  same  as  that  used  in  [5]. 
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Electromagnetic  Characteristics  of 
an  Individual  Spherical  Biological  CelT '** 


Liu.  Shenggang".  Robert  J.  Barker”.  Kari  H.  Schoenbach"*,  Guofen  Yu””.  Chaoyu.Liu . 

Theoretical  study  on  electromagnetic  characteristics  of  an  individual  spherical 
biological  cell  is  given  in  the  paper.  The  field  in  a  cell  induced  by  extra  electrostatic 
field,  the  electromagnetic  scattering  for  a  plane  wave  due  to  a  cell  and  the 
electromagnetic  resonance  condition  of  a  cell,  as  an  electromagnetic  cavity,  are 
analyzed.  The  possible  application  of  the  theory  is  discussed. 

1 .  Introduction 

Study  on  biological  body  and  cells  has  become  an  attractive  subject  recently.  The 
physics  and  electronics  prove  to  be  powerful  and  efficient  in  the  research  of  this  field.  - 
In  this  paper  a  theoretical  study  on  the  electromagnetic  characteristics  of  a  simplified 
cell  is  given.  As  shown  in  Fig.  1  (a),  the  cell  model  is  divided  into  two  regions:  region  / , 
the  inner  part  of  the  cell  with  radius  b ;  region  //,  cell  membrane  with  inner  radius 
h  and  outer  radius  a .  The  region  outside  the  cell  is  referred  to  as  region  III .  The 
dielectric  constants,  permeability  and  conductivity  of  the  three  regions  are  indicated  by 
and  or,,  respectively.  The  subscript  takes  1,2,3,  which  represent  different 

regions.  By  using  the  Maxwell’s  equations  the  electromagnetic  characteristics  can  be 
analyzed 

The  paper  is  organized  as  below:  Section  1  is  a  brief  introduction.  Section  2  deals 
with  a  cell  in  an  electrostatic  field.  The  analysis  of  the  scattering  wave  by  a  cell  to  a 
plane  E  M.  wave  is  given  in  section  3.  And  in  section  4,  the  cell  is  considered  a  E  M. 
cavity,  the  resonance  condition  is  given.  Section  5  deals  with  the  possible  applications 
of  the  theory  Section  6  is  the  conclusion. 

2.  A  cell  in  electrostatic  field 

Consider  an  individual  cell  in  an  electrostatic  field: 

(1) 

It  is  obvious  that,  in  a  spherical  coordinate  system  (/•,  y>,  0) ,  the  field  in  each  region 
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should  be  axial  symmetric,  i.e,  d!dV  =  0 .  The  scalar  potential  of  the  applied  electric 
field  can  be  indicated  as: 

vn  =  -Enrcos9  =  -EnrP{  (cos#)  (2) 


where  P,(cos0)  is  the  Legendre  function.  Then,  the  electrostatic  potential  in  the  three 


regions  can  be  written  as: 

iv  mice 

[/i  =  TJAnrnPn(cos0) 

n- 0 

(0  <  /•  <  b) 

(3) 

f  2  =  X[^«r  <">i)  +C„/  ”]/5n(cos^) 

«=  0 

(b<r  <a) 

(4) 

cr 

V>  =  ZDn'-'"’>,)^(cos0)-£n;-/>(cos^) 

n=t) 

(r  >  a) 

(5) 

The  constants  An,Bn,C„  and  D„  can  be  determined  by  using  the  following  boundary 
conditions: 

E"  =  E'J  (Oy  +  )E'r"  =  (cr2  +  )E"  ( r-a )  (6)  ^ 

E”=E'»  =(<rt+j*6,)E'r  (r  =  b)  (7)  J 

The  permitivity  constants  are  assumed  independent  on  any  coordinates,  we  obtain: 


[the  matrix]  (8) 

I A I  = 

Bl  = 

Cl=  (9) 

Dl  =  | 


All  the  other  and  Dn  should  be  zero. 

Therefore,  once  the  constants  e, ,  //, ,  a, ;  e, ,//, 
outside  and  inside  the  cell  can  be  found. 


ci‘>  e)  -  are  given,  the  field 


3.  Electromagnetic  scattering  wave  by  a  biological  cell 


Assume  that  a  cell  is  under  radiation  of  a  plane  electromagnetic  wave: 

E  =  EC)Cji'r,*~k2'>  =r  £  (f jmf 

For  a  plane  wave,  we  have: 

ft  =  —  En$  .e>n,'>krmn 


(10) 


(11) 


The  plane  wave  should  be  expanded  into  two  parts  with  different  polarization  in  r 
direction:  m  and  TE  waves.  In  spherical  coordinate  system,  the  TM  and  TE  waves 
can  be  written  as  follows: 
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(OH  n=l  //(//  + 1) 

for  TM  wave;  and 

<I3> 

for  TE  wave. 

Here  /  /  ',  and  /•(/„  are  Debye  potentials  for  TM  and  TE ,  respectively.  ,7n(/b-)  is 

spherical  Bessel  function,  and  P^{cos0)  is  associated  Legendre  function. 

Outside  the  cell  there  exists  scattering  wave,  the  Debye  potentials  in  this  region  can 
be  written  as: 

%  =  cos^[a„./n(Ay-)  +  (7  M) 

W~l 

rO,  =  sin  <pf\pnjn  (k3r)  +  AnH(2)  (*,r  )]/>„'  (cos0)  {TE) 

n=l 

In  region  //,  we  have: 

IrF,  =cos^|][fV7B(^r)  +  D„^'2)(A:,r)]p(;(cos^)  {TM) 

«=  I 

"l/2  =  sin  q>Y]fjA*ir)  +  ft*  F(2){k2r)]p^{cos0)  {TE) 

n  I 

And  in  region  ///,  the  kern  of  the  cell,  the  Debye  potentials  can  be  written  as: 

<r> 

rVx  =  cos  FmJ,  {k,r)P'  (co s0)  {TM) 


(14) 


(15) 


cn 

rO,  =  sin  q>Y  fJ„  (kS)K  (cost?)  {TE) 


(16) 


where: 


„  _  £»  r-(2.H-o 


(17) 


(Oft  /;(/?  +  !) 

_£„y-"(2/;  +  l) 

k  ;/(//  + 1) 

H\2){ktr)  is  spherical  Hankel  functon  of  second  kind,  it  represents  an  outgoing 
wave  k 2  =  (o2e,fj,  -  jco/./, a, ,  here  /  =  1,2,3. 

It  can  be  proved  that,  except  the  nonlinear  media,  there  is  no  coupling  between  IM 
and  TE  waves,  so  we  can  deal  with  them  separately. 

By  using  the  boundary  conditions  of  fields,  we  can  derive  the  expressions  of  the 
field  coefficient  as  follows: 


A(,)  AfJ)  An)  A'-0 

A  =  —  c  -  ~z  n  -  —z  f  -  -i 

A„  A„  A..  A„ 


(18) 
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where: 


_  A(l)  —  A(2)  —  A(3)  A(4) 

R„  =  — a- ,  C  =  —  D  =  F  - 

A„  A..  A 


A,.  =  U?\k2a)JSk^Sk1a)^ 

+  r2.7;(A,A)[^'21(A:2a)./n(/:2A)  -  J  „{k2a)Hi2\k2b)]+ 
rJ'n(k2a)H(n2\k,a)  rJ^k^H  n(k2b)~  jn(k2b)H(n2)\k2h)  1  + 


+  r,fff  (^^)^2)(^£/)[r2.7;(^1A).7rt(A2A)_y/i 
A. '  =  aJ„(k,a)\H[~\k2a)J'n{k2h)Jn{k^h)  +  rJ'n(k^)H<2)(k2b)jn(k2b)  - 

-iM"?  (^^a^)-r:./:(Al^>(yt;a).7B(A-2a)l  + 


+  a-  r.v/n(M-/„(^o)  Jn{k,b)H^\k2h) -J’SKh)H(2\k2h)\  + 
+  rr/'n(^,o)[7;(A-2A)./(i(^|A) -.7;^^)./^^^)] 

A',:>  =  an-h(k>a)H<"  (k^lH^ikjyj^b)  -  t v'f'Sk,b)H[2\k2h)\ 
+  <*J'SI<ya)Hl2\kya)  T2j'n{k2h)H™(k2h)  -j'n(k{ b)H™\k2b) 

A«,)  = 


A'.4’  =  -of 


in  which: 

_ ^1(^2  +7’a»ff,) 

i  2  —  — 

*3(0,  +  /^,) 

r?  =  *2(^3  +>g,)  (25) 

ki{?i+j(oe2) 

Let  r2  =  *,  /*2 ,  r;  =  k2  /k3  replace  r2  and  r, ,  then  the  expressions  of  A(J\  A(„2), 

A™.  A?  andA.  are  given  by  those  of  A^  A™,  A™,  A™  and  A. .  respectively 

4  A  cell  as  an  electromagnetic  cavity 

An  individual  biological  cell  can  be  considered  as  a  spherical  cavity,  a  special  kind 
of  EM  cavity.  Based  on  the  theory  obtained  in  last  section  we  can  derive  some 

f Pa“  °Mthe  SpeC'al  resonance  cavity-  One  of  the  most  difficulties 
to  build  up  a  theory  for  the  cell  cavity  is  that  what  are  the  criteria  of  the  “resonance”  for 


c  * 


a  cell.  There  are  three  approaches  nde3  for  a  dielectric  cavity:  (1)  magnetic  wall 
approximation  (magnetic  wall  open);  (2)  cut-off  waveguide;  (3)  cut-off  radial 
transmission  line  approximation  For  a  biological  cell,  the  first  and  second  conditions 
seem  not  to  be  acceptable.  The  third  one  depends  on  the  dielectric  constant  fand 
permeability  //of  the  cell,  in  particular,  the  £,  of  the  cell’s  membrane.  The 
approximation  is  very  good,  provided  that  is  large,  say  50-100.  But  if  c,  is  U<rsmall, 
the  accuracy  will  be  poor,  because  this  leads  to  that  more  E  M.  energy  spreads  outside 
the  cell,  and  the  resonance  curve  will  not  appear  like  a  peak.  Here  we  suppose  that  the 
dielectric  constant  of  the  cell  membrane  is  large  enough.  The  fields  outside  and  inside 
the  cell  can  be  expressed  as: 

rVy  =  ±±AmM-\kS)K^ osO)e'm* 

(/■>«)  (26) 

r(\  =£±AjK2)(k,r)l>:(  cos6)e^ 

it~0  m 


rl\  =  iif. . 

rt-M  ro-fl 


(/></•<  a)  (27) 


n  n  m  -ft 

< 

A  =  «„./.<*,/•)  cicos^'-' 

n=0  m- 0 

The  boundary  conditions  are: 


(0  <  /•  <  h) 


r  in  _  /- li 

r>"  -  r" 

*> 

it  ill  _  u  II 

** O  -  *•  ft 

h: = h: 


E"  = 

K  =  K 
Hi  =  K 
K  =  K 


(r=a) 


(/•  =  b) 


(28) 


(29) 


(30) 


By  using  the  above  boundary  conditions  we  can  obtain  the  field  expansion 
coefficients,  i.e.  AnS  A„ ,  Rn ,  B„,  CH,  Dn and  l)n 
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As  we  described  above,  when  almost  all  the  energy  is  kept  within  a  cell,  the  cell 
acts  like  a  resonator.  So  the  resonant  condition  should  be 

K  h"-KK  =o  (/•=*)  (3i) 

5  possible  applications  of  the  theory 

The  theory  given  in  the  paper  is  an  attempt  to  using  the  well-developed 
electromagnetic  theory  to  study  the  electric  or  electromagnetic  characteristics  of 
biological  cell/cells.  The  theory  may  have  some  attractive  applications  in  the  biological 
field.  For  example,  the  equivalent  circuit  in  [1]  may  be  derived  from  the  theory  as 
follows: 

Suppose  a  cell  is  under  the  extra  field  /snF. ,  the  field  components  in  the  cell 

membrane  and  in  the  inner  part  have  been  given  in  section  2.  The  energy  stored  in  the 
cell  membrane  is: 


£n£2  J  (E;  +  E;  +  Eln  )dV  (32) 

The  integration  is  along  the  volume  of  membrane.  According  to  the  stored  energy 
expression  of  a  capacitor,  we  can  express  the  equivalent  capacitance  of  the  cell 
membrane  as: 


(• •  •  ■)  denotes  taking  average. 

The  current  density  within  the  membrane  and  in  the  cell’s  kern  is 


•A  = <J,  (En  cos  0  +  En  sin  0) 

Then  the  average  resistance  of  the  cell  is: 

(34) 

*.<"■> 

<A> 

The  conductivity  of  cell  membrane  is: 

(35) 

«.  =  <'■> 

(If,) 

(36) 

6  conclusion 

Theoretical  study  on  electromagnetic  characteristics  of  an  individual  biological  cell 
has  been  worked  out.  A  cell  in  electrostatic  field  is  studied.  The  results  obtained  can  be 
used  to  find  the  parameters  of  the  equivalent  circuit  of  the  cell.  The  scattering  wave  of  a 
cell  to  a  plane  wave  has  been  obtained.  It  may  be  used  to  study  the  behavior  of  a  cell 
under  the  irradiation  of  electromagnetic  wave.  For  example,  by  measuring  the  scattering 
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wave  we  can  find  the  parameters  of  the  cell  (p  ,s  ,cr).  A  cell  can  be  considered  as  a 
special  cavity  when  its  radiation  loss  is  very  small  The  results  of  the  paper,  therefore, 
are  valuable  for  understanding  the  electrical  characteristics  of  the  cell  and  provide  a 
theoretical  base  for  further  study  on  biological  cell. 
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.  A  New  type  of  Waves  in  Magnetized  Plasma  Waveguide' 

Liu  Shenggang" ,  RJ.Barker"* ,  Yan  Yang" ,  Zhu  Dajun" 

Abstract  A  new  type  of  wave  containing  a  quasi-static  pan  has  been  found,  the  features  of  this 
new  type  of  waves  are  examined  and  studied  in  this  paper.  This  type  of  waves  has  not  been  reported 
in  published  papers  to  date.  Characteristics  of  these  waves  are  analyzed  .  The  theoretical  analysis  is 
found  to  be  consistent  with  numerical  calculations  . 

Keywords  Magnetized  Plasma  Waveguide  Quasi-Static  New  type  of  Wave 

i 

Summary 

Wave  propagation  in  a  waveguide  filled  with  plasma  immersed  in  a  magnetic  field  has  been  an 

important  subject  to  study  in  plasma  physics  and  microwave  electronics  tlH?l  It  was  found  that  the 
efficiency  of  high  power  microwave  devices  can  be  increased  greatly  when  filled  with  plasma. 
Research  interest  in  this  subject  continues  to  grow.  There  are  three  kinds  of  waves  in  a  magnetized 
plasma  waveguide:  (l)Low  frequency  plasma  wave,#  <  min(op,tyf).  (2)Electron  cyclotron 


wave,  cop<ct)<Q)e.  (S)Waveguide  wave  ,#>#„,  where  = 


is  electron  plasma  frequency. 


~  ^  electron  cyclotron  frequency,  n  is  electron  density,  e  and  m  are  electron  charge  and 


mass,e0  is  permitty  in  vacuum  ,coh  =  ^ jco ;  +  co;  is  the  upper  hybrid  frequency. 

Plasma  has  great  influence  on  the  dispersion  characteristics  of  electromagnetic  waves  in  a 
waveguide.  There  are  no  stand-alone  TE  or  TM  wave  unless  the  magnetic  field  is  zero  or  infinite, 
according  to  waveguide  theory  .  The  electromagnetic  wave  in  a  empty  waveguide  satisfies 
Helomhtz  s  equation  rather  than  Laplace  s  equation.  However,  we  find  a  new  type  of  wave  in  a 
waveguide  filled  with  magnetized  plasma  which  exists  at  discrete  frequencies  and  with  quasi-static 
characteristics  satisfying  Laplace’s  equation. 

The  theory  given  in  this  paper  shows  there  exists  a  new  kind  of  waves  in  a  magnetized  plasma 
waveguide,  the  new  kind  of  wave  contains  a  quasi-static  pan  of  field  components  satisfving 
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Lapla“'S  K,Uati0"-  “d  thest  wav“  «*»  ™ly  =xist  at  a  series  of  discrete  frequencies,  n* 
numencal  calculations  verify  the  existence  of  this  new  kind  of  wave. 

Physically,  this  shows  that  in  a  waveguide  without  plasma,  the  quasi-static  field  (such  as  a 
TEM  wave,  cannot  exist  and  only  fas,  waveguide  modes  can  propagate.  However.When  the 
waveguide  is  plasma  filled,  there  are  a  large  number  of  charged  particles  in  the  space  inside  die 
waveguide.  So  the  quasi-static  field  can  exist  and  it  is  closely  mined  to  the  plasma  He  impede. 

of  this  new  wave  is  that  it  can  propagate  at  the  discrete  frequencies  satisfying  V=£.  =  o  and  keeps 
the  continuity  of  the  dispersion  curve. 

Mathematically,  i,  indicate  that  D=0  is  no,  a  singularity,  die  solutions  of  wave  equadon  exists 

and  there  is  no  break  of  wave  propagation,  but  the  wave  mode  is  changed  significandy  at  the 
discrete  frequencies. 

Wc  can  see  that  wave  propagation  along  a  magnetized  plasma  waveguide  has  quite  unusual 
dispersion  characteristics. 
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Summary 

Ion-channel  guiding  of  an  electron  beam  in  a  free-electron  laser  can  eliminates  the  need  for 
conventional  focusing  magnets,  thereby  reducing  the  capital  and  running  cost.111  Moreover,  the  presence  of 
the  ion-channel  allows  beam  currents  higher  than  the  vacuum  limit  and  also  helps  radiation  guiding. 1:1  So 
there  should  be  higher  efficiencies  and  lower  wavelengths  for  ion-channel  guiding  FEL.  The  linear  theory  of 
a  wiggler  FEL  with  ion-channel  guiding  has  been  presented  by  P.  Jha  ex  al.M  They  have  shown  that  the 
steady-state  transverse  electron  motion  generates  a  similar  set  of  stable  and  unstable  electron  orbits,  and  a 
substantial  enhancement  in  peak  growth  rate  could  be  obtained  when  the  ion-channel  frequency  approaches 
the  wiggler  frequency.  Comparing  with  wiggler  FEL,  there  is  a  shorter  period  in  an  electromagnetic  wave 
pumped  FEL.  So  under  the  same  injection  energy  of  electrons,  one  can  get  a  more  shorter  laser  wavelength 
output.  Motivated  by  the  benefits,  the  study  on  electromagnetic  wave  pumped  ion-channel  free-electron 
laser  (EPIC-FEL)  will  be  more  useful.  Radiation  generation  in  an  ion-channel  was  first  proposed  by 
Whittum  and  Sessler  in  1990.t41  Then  Whittum  studied  the  electromagnetic  wave  instability  of  the  ion- 
focused  regime  in  detail.151  The  Ion-ripple  Laser  was  proposed  by  Chen  and  Dawson  in  1992.16'71  Tang  et 
al. 181  studied  electromagnetic  wave  instability  in  an  ion-channel  electron  cyclotron  maser  (ECM)  and 
proposed  the  concept  of  the  ICECM.  Recently,  The  ion-channel  hybrid  instability  was  proposed  by  Liu  et 
al.191  It  was  indicated  by  K.R.  Chen1101  that  two  bunching  mechanisms  exist  for  wave  amplification  in  the  ion- 
channel  laser,  cyclotron  maser  and  FEL.  There  should  be  a  competition  between  axial  bunching  and 
azimuthal  bunching,  however,  axial  bunching  is  mainly  considered  in  FEL,  including  the  discussion  in  [3]. 

In  this  paper,  theoretical  study  on  electromagnetic  wave  pumped  ion-channel  free-electron  laser  (EPIC- 
FEL)  is  presented.  The  physical  mechanism  responsible  for  the  generation  of  coherent  radiation  in  the  EPIC- 
FEL  is  described  and  the  fundamental  role  of  the  ponderomotive  wave  in  bunching  and  trapping  the  beam  is 
emphasized.  The  dispersion  relation  of  the  EPIC-FEL  has  been  obtained  and  growth  rates  are  calculated  for 
different  parameters.  It  shows  that  EPIC-FEL  has  very  bright  future. 

The  EPIC-FEL  dispersion  relation  can  be  obtained  as: 

2  2 
(ar -c-k1  --^r)-{[(co-Q)0)-(k+k0)Vz0]i  — 

7cA.  nr*  (1) 

—  (k  +  k  +— _ Q^-’°  I  Q}^'° _ _ (£l_i)] 

n^o  A,  Ao  <A»  can  A.AoA  A 

***  praertvt  ***  Ctni-  an  .  CA.  USA. 
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where  Vq  =  — 

my0c 


is  EM  wave  wiggle  velocity.  When  0)i  =  0 


we  may  get  the  vacuum  case.  In  this  case, 


Q/o  -Qn  the  above  equation  reduces  to  the  conventional  EM  wave  pumped  FEL  dispersion 
relation1111.  Under  the  conditions  of  resonation  for  backward  wave  pumped,  i  e  k  -  ^  + A-o)2  >. 

d-Ao)  ” 

get  £20  =  £2,  and  O.!0  =  Sla  .  Then  the  eq.  (1)  is  reduced  to 


2  n0,we  can 


(o=  -c2k2  +  __®L,  =  , 

r0r:0  r0  ^*0 

We  have  calculated  the  above  equation,  the  results  show  that  the  presence  of  ion-channel  may  lead  to 
substantial  enhancements  in  growth  rate  as  CO^  *  £20 .  These  agreement  with  results  obtained  in  Ref.[3], 
however  the  values  of  the  peak  growth  rates  and  resonate  frequencies  are  larger  than  that  of  in  the  former 


case  when  =  V  For  all  of  FEL,  we  can  derive  A  *  \  /2 y: ,  where  A  and  A0  are  the  radiation 

and  pump  EM  wave  wavelengthes  in  the  kind  of  EM  pumped  FEL  case  or  radiation  wave  wavelength  and 
wiggler  period  in  the  kind  of  wiggler  FEL  case,  respectively.  In  order  to  operate  FEL  at  low  wavelength,  two 
methods  have  been  used.  First,  reducing  the  wiggler  period;  We  know  it  is  very  difficult  to  obtain  for 
conventional  wiggler  FEL  case.  However  it  has  no  problem  for  conventional  EM  wave  pumped  FEL. 
Second,  increasing  the  beam  energy.  But  it  may  cause  lower  efficiencies.  However,  in  ion-channel  kind  of 
FELs,  the  ion-channel  can  aid  the  electron  beam  focusing  and  can  compensate  the  efficiencv  lose  by 
adjusting  the  plasma  frequency  (eq.(2)),  so  under  high  beam  energy  case,  this  kind  of  FEL  can  be  operation 
at  very  low  radiation  wavelength  without  lose  many  efficiencies;  meanwhile,  the  decreasing  of  pump 
wavelength  is  very  easy  to  accomplish  for  EPIC-FEL.  So  with  such  benefits,  we  believe  that  EPIC-FEL  will 
has  a  very  bright  future. 
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Abstract 

Theoretical  study  on  electromagnetic  wave  pumped  ion-channel  free-electron  laser 
(EPIC-FEL)  is  presented.  The  physical  mechanism  responsible  for  the  generation  of 
coherent  radiation  in  the  EPIC-FEL  is  described  and  the  fundamental  role  of  the 
ponderomotive  wave  in  bunching  and  trapping  the  beam  is  emphasized.  The  dispersion 
relation  of  the  EPIC-FEL  has  been  obtained  and  growth  rates  are  calculated  for  different 
parameters.  It  shows  that  EPIC-FEL  has  very  bright  future. 

L  Introduction 

Ion-channel  guiding  of  an  electron  beam  in  a  free-electron  laser  can  eliminates  the 
need  for  conventional  focusing  magnets,  thereby  reducing  the  capital  and  running  cost.111 
Moreover,  the  presence  of  the  ion-channel  allows  beam  currents  higher  than  the  vacuum 
limit  and  also  helps  radiation  guiding.121  So  there  should  be  higher  efficiencies  and  lower 
wavelengths  for  ion-channel  guiding  FEL.  The  linear  theory  of  a  wiggler  FF.L  with  ion- 
channel  guiding  has  been  presented  by  P.  Jha  et  alP]  They  have  shown  that  the  steady-state 
transverse  electron  motion  generates  a  similar  set  of  stable  and  unstable  electron  orbits,  and 
a  substantial  enhancement  in  peak  growth  rate  could  be  obtained  when  the  ion-channel 
frequency  approaches  the  wiggler  frequency.  Comparing  with  wiggler  FEL,  there  is  a 
shorter  period  in  an  electromagnetic  wave  pumped  FEL.  So  under  the-  same  injection 
energy  of  electrons,  one  can  get  a  more  shorter  laser  wavelength  output.  Motivated  by  the 
benefits,  the  study  on  electromagnetic  wave  pumped  ion-channel  free-electron  laser  (EPIC- 
FEL)  will  be  more  useful. 

Radiation  generation  in  an  ion-channel  was  first  proposed  by  Whittum  and  Sessler 
in  1990.[41  Then  Whittum  studied  the  electromagnetic  wave  instability  of  the  ion-focused 
regime  in  detail.151  The  Ion-ripple  Laser  was  proposed  by  Chen  and  Dawson  in  1992.f6'71 
Tang  et  al.m  studied  electromagnetic  wave  instability  in  an  ion-channel  electron  cyclotron 
maser  (ECM)  and  proposed  the  concept  of  the  ICECM.  Recently,  The  ion-channel  hybrid 


instability  was  proposed  by  Liu  et  al.[9J  It  was  indicated  by  K.R.  Chen1101  that  two  bunching 
mechanisms  exist  for  wave  amplification  in  the  ion-channel  laser,  cyclotron  maser  and  FEL. 
There  should  be  a  competition  between  axial  bunching  and  azimuthal  bunching,  however, 
axial  bunching  is  mainly  considered  in  FEL,  including  the  discussion  in  [3], 

In  this  paper,  we  presented  the  linear  theory  of  EPIC-FEL.  In  the  following 
discussions  we  also  mainly  consider  the  axial  bunching  for  simplifier.  Section  II  shows  that 
there  has  an  unstable  electron  orbits  regime  when  Q0  =  cd . ,  while  there  has  a  ion-channel 

instability  when  Q,  =  cot .  Electron  axial  bunching  is  introduced  in  section  III  and  the 

dispersion  relation  is  obtained  in  section  IV.  Section  V  is  the  discussions  and  calculation 
results.  Conclusion  is  given  in  section  VI. 


n.  Electron  transverse  motion 

Consider  a  relativistic  electron  (charge  -\e\,  rest  mass  m,  relativistic  factor  y0) 

moving  along  the  z  axis.  A  backward  scattering  electromagnetic  (EM)  wave  as  a  pump 
wiggler  field  is  described  by 

At  =  A0[eKa^k-">e+  +  (1) 

where  A0  is  the  amplitude  of  EM  wave  field,  k0  =  Ini  X0,  A0  is  the  EM  wave 
wavelength,  e±  =  (ex  ±iey)!2.  The  transverse  static  field  caused  by  the  ion-channel  has  a 
form  of 


£■,.  =  A,(x,y,0)  (2) 

where  A ,  =  Ajt\e\nt ,  nj  is  the  plasma  density.  In  a  form  similar  to  representation  of  the 
wiggler  field  (1)  we  represent  the  forward  stimulated  radiation  by 

AR(z,t)  =AR[e'(b-“'e_  +e~^\]  (3) 

where  AR  is  the  amplitude,  k  is  the  complex  wavenumber,  and  cd  is  the'  real  frequency. 
So,  the  total  electric  field  and  magnetic  field  are 


r,  ,,  1  d(A0  +A„)  J 

E(z,t)=-—el - +  A,  x 

d  c  a 

B(z,t)  =  ~^-[e:  x(At  +^R)J 


(4a) 

(4b) 


where  x  represents  the  transverse  displacement,  O  is  space-charge  potential  with  the  perturbed 
density  Sn ,  and  is  given  by 


2 


— —  =  47r|e|  dn  (4c) 

cb~ 

The  transverse  velocity  can  be  determined  by  the  motion  equation 

+  —  (vx  2?)]  (5) 

dt  c 

where  P  =  myV ,  y  is  the  total  relativistic  factor.  Substituting  eqns.  (4a)  and  (4b)  into  (5)  yields 

— L  =  Ill  ■  d(At  +Ar)  _  eA  x  (6) 

dt  c  dt  '  1 

In  above  equation  the  subscript  1  represents  the  transverse  component.  For  the  electron  stable 
motion,  assuming  xl0  cc  e'Q°'  =  ,  we  have 

\  X.  =  — —V,a 


JlL.A 

my0c  n(0 


where  Ql0  =  1  -  —j »  6),  =  (4;r|e|2  w,  /  my0)v2  is  plasma  frequency.  We  can  see  that  for  the 

electron  steady-state  motion,  there  is  an  unstable  value  when  Q0  =  <y, .  The  electron  motion 
orbits  was  similar  with  Ref.  [3],  i.e.,  also  have  two  stable  regimes. 

For  the  perturbed  motion  of  electron,  assuming  xL1  °c  e~‘a,t  =  ,  then 


x  =  —V 

u  n,  11 

y  -All  ds 

r  U  -  0 

my0c 


where  Q ,  =  1 - (r-  In  above  derivation  we  used  the  approximate  of  y0  instead  of  y  .  That 

"  nf 

means  we  mainly  consider  the  axial  bunching.  From  eq.  (8),  the  ion-channel  instability  will  happen 
when  fi,  =  Q)l . 


m.  Electron  axial  motion  and  bunching 

From  charge  conservation,  the  perturbed  beam  density  is  given  by 

,  ,  85n  dSJ. 

|e(irir 

where  &J,  is  the  perturbed  axial  beam  current  given  by 
&J,(z1t)  =  -\e\(n0di>l  +8nvi0) 


(10) 


In  eq.  (10)  Svz  and  vj0  are  the  perturbed  and  unperturbed  axial  electron  velocities.  Combining  (9) 
and  (10)  yields  the  following  expression  for  the  perturbed  density: 

dSn  dSv 

(11) 

Taking  the  axial  component  of  the  motion  equation,  eq.(5),  and  using  the  relation 
dy/dt  =  -\e\(v-E)/mc\we  find  that 

dv  I  g  I  1  v 

<i2) 

Linearizing  (12)  by  keeping  terms  to  first  order  in  the  radiation  field  yields 

a  my,  •“  &  n„  nj  cn,„  ca„  n„a,0nt  (n,  ' 


where 


®P(z,0  =  — -{-A0ARe 
my0c- 


is  the  ponderomotive  potential  and  yz0  =  (l-yS202)‘l/2 ,  J3}0  =  vj0  /c .  Taking  the  convective  time 
derivative  of  both  sides  of  (1 1)  and  employing  (13)  and  (4c)  yields 


( d\ + jl !_)*  =  m°iei[(  ko  +Jl _ + <°o0*  a i  («o  _ 

d‘2  r0rl o  nl0  n(0  cn,0  cQ„  n^n/n,  ;J 


where  cob -(4x\e\2  n0/m)U2  is  beam  electron  frequency,  «0  is  beam  electron  density. 
Equation  (15)  shows  that  the  perturbed  charge  density  is  driven  by  the  ponderomotive  potential 


IV.  Dispersion  relation 
The  wave  equation  of  radiation  field  is 

(£L-  V*\A 

Kdz2  c-  a-  *  c  1 

where  J1  =-\e\(n0Vll  +  <5nVlt),  substituting  eqns.  (7)  and  (8)  into  eq.  (16)  yields 


<?2  Id2 


~  ~  K 


*a  c2a2  y0 n, 


4ff\e\2  A0 

my*  ni0 
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Since  the  phase  of  the  ponderomotive  wave  is  [(£  +  k0 )  -  (co  -  <a0)r] ,  we  see  from  eq.  (15) 
that  the  perturbed  density  should  have  a  similar  dependence  in  the  time  asymptotic  limit, 
hence  we  write 

3n(z ,  t)  =  8nei[(k+K)!-(tt"a'),]  (18) 

Using  (18)  together  with  (14)  and  (15),  by  eliminating  <5?  and  AR ,  eq.  (17)  becomes 


0 or  -c'k 2  — ^j—)  •  { [(co  -o0)  ~(k  +  k0 )v.0  ]2  — 

rcA,  r0r:0 


=  ri^(k+ko)[J^+jL-^+^ 


z  0 


(19) 


^il  ^i0  C^i0  C^il  ^1 


|is  EM  wave  wiggle  velocity.  The  above  equation  is  the  EPIC-FEL 

dispersiorT  relation.  When  co,  =  0,  we  may  get  the  vacuum  case.  In  this  case, 
Q,0  =  C2i}  =  1,  the  eq.(19)  reduces  to  the  conventional  EM  wave  pumped  FEL  dispersion 
relation1111. 


Comparing  the  dispertion  relation  with  that  of  the  wiggler  ion-channel  FEL  (WIC- 
FEL)  case,  there  are  some  differences.  First,  there  is  additional  effect  coming  from  co0  in 

EPIC-FEL;  second,  Aw  which  is  the  amplitude  of  the  wiggler  field  is  replacde  by  A0 ;  third, 

there  is  a  product  that  1/2  multiple  the  left  of  the  dispertion  equation  in  the  wiggler  FEL 
case.  So,  they  may  bring  some  difference  for  two  cases  when  we  analyze  the  relation 
properties.  For  example,  considering  the  case  when  Aw  «  Aq  ,  we  can  easy  conclude  the 
growth  rate  in  EPIC-FEL  will  double  higher  than  that  in  WIC-FEL. 


V.  Numerical  Calculations 

Note  that  the  phase  velocity  of  the  wave  should  be  synchronize  with  electron  beam, 
Le  :  as  .  The  axial  phase  velocity  is 

Q)-O)0 


Vph  k  +  kn 


(20) 


So  we  can  get  k  =  and  co  =  ^-^~-co0 .  But  for  a  forward  EM  wave  pump, 

(l-#o)  0-Ao) 

we  get  the  ponderomotive  potential  as 

<J)  _ 


* 


(21) 


61-0) 


Therefore  vph  -  —  .  It  required  that  /?z0  =  1 ,  we  can  see  it  is  difficult  to  satisfy  thus 

k  — 

condition  for  forward  wave  to  amplifier  the  wave. 

Under  the  conditions  of  resonation  for  backward  wave  pumped,  i.e. 

k  =  7T%T*o .  we  can  get  Q0  =  Q,  and  Q(0  =  Q„ .  Then  the  eq.  (19)  is  reduced  to 
V1  Pi  0/ 

(0)2~c2k2--^-  )  {[(o-co0)-(k+k0)v:0]2-  }=  4 kk0  (22) 

Wo  YoYlo  Yo  Qo 

In  obtaining  eq.  (22)  the  use  of  the  approximations,  oi «  ck,  co0  *  ck0 ,  /?z0  %  1  and 


k»k0  has  been  made.  Above  equation  has  been  solved  on  a  computer  with  y0  =6.0, 
k0  =  2^ /3cm"1 ,  J30=V0/c  =  0.2/ yQ,  fiz0  =  0.98  and  ai0  =  ck0.  The  growth  rates  (Im  k) 


are  plotted  versus  frequency  for  appropriate  values  of  x  (<u;  /Q0 )  for  two  stable  regimes  in 

Fig.  1  and  2,  respectively.131  The  parameters  used  here  are  list  all  in  the  figure  captions.  In 
order  to  satisfy  the  Budker  condition  for  propagation  of  an  electron  beam  in  the  ion- 
focused  regime,  the  beam  electron  frequencies  are  different  for  regimes  I  and  II  in  Figs.  1 
and  2.  A  plot  of  peak  growth  rate  with  x  for  regimes  I  and  II  (for  the  same  parameters  as  in 
Figs.  2  and  3)  is  shown  in  Fig.  3.  In  regime  I,  with  and  increase  in  x  the  peak  growth  rate 
increases  monotonically  up  to  the  singularity  at  the  orbital  stability  boundary  (x  =  1).  In 
regime  n,  the  peak  growth  rate  decreases  slowly  as  oil  becomes  large.  The  results  of  the 
calculations  are  very  interesting.  Our  results  show  that  the  values  of  the  growth  rates  are 
lager  than  that  of  the  magnetic  wiggler  case  and  the  operating  frequencies  are  much  higher 


/ 1  o  \2 

than  that  in  magnetic  wiggler  case.  From  oi  =  - — -~a>0  =y3( l  +  fiz0)(o0,  we  can  see 


0-Ao) 


that  these  can  be  explained  by  providing  the  pumping  frequency  and  the  beam  energy  are 
high  enough.  The  growth  rate  in  this  case  enhances  as  col  *  £20 . 


Fig.  1  Spatial  growth  rate  Im  k(cm'')  vs  co/c  (cm'1)  for  regime  I 
orbit,  co.  =  1.8x10”  s"’. 


Fig.  2  Spatial  growth  rate  Im  k(cm'’)  vs  cole  (cm'1)  for  regime  II 
orbit,  co.  =  4.4x10"  s"1 . 


X 

Fig.  3  Peak  growth  rate  (Im  k)^  (cm'1)  as  a  function  of  x  for 
regimes  I  and  DL 


VL  Conclusions 

In  conclusion,  we  have  analyzed  the  wave  generation  in  an  ion-channel  EM  wave 
pumped  FEL,  and  derived  the  dispersion  relation.  The  presence  of  ion-channel  mav  lead  to 


substantial  enhancements  in  growth  rate  as  cox  « f20 .  These^tgreemGftt  witlT'^fesults^ 
'  obtained  in  Ref.[3],  But  the  values  of  the  peak  growth  rates  and  resonate  frequencies  are 
larger  than  that  in  the  fermor  case.  For  all  kinds  of  FEL,  we  can  tferive  A  *>  A0  /  2y: , 
where  A  and  A^  are  the  radiation  and  pump  EM  wave  wavelengthes  in  the  kind  of  EM 


pumped  FEL  case  or  radiation  wave  wavelength  and  wiggler  period  in  the  kind  of  wiggler 
FEL  case,  respectively.  In  order  to  operate  FEL  at  low  wavelength,  two  methods  have 
been  used.  First,  reducing  the  wiggler  period^ We  know  it  is  very  difficult  to  obtain  for  v/ 

W 

conventional  wiggler  FEL  case.  However  it  has  no  problem  for  coSvS5S5nal  EM  wave 
pumped  FEL.  Second,  increasing  the  beam  energy.  But  it  may  cause  lower  efficiencies. 
However,  in  ion-channel  kind  of  FELs,  the  ion-channel  can  aid  the  electron  beam  focusing 
and  can  compensate  the  efficiency  lose  by  adjusting  the  plasma  frequency  (eq.(22)),  so 
under  high  beam  energy  case,  this  kind  of  FEL  can  be  operation  at  very  low  radiation 
wavelength  without  lose  many  efficienciea,  nioaiuvliil^  the  decreasing  of  pump  wavelength 


is  very  easy  to  accomplish  for  EPIC-FEL.  So  with  such  benefits,  we  believe  that  EPIC-FEL 
will  ha^very  bright  future. 
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Dispersion  characters  of  wave  propagation  along 
a  plasma  waveguide  in  a  finite  magnetic  field* 


Liu  Shenggang**  ,  ZhuDajun***,  YanYang***,  Rj.Barker**** 
Abstract  Further  theoretical  study  and  computer  calculations  on  wave 
propagation  along  plasma  waveguide  in  finite  magnetic  field  are  given  in  the 
paper.  It  gives  accurate  dispersion  equations  and  shows  that  dispersion 
characters  of  wave  propagation  in  partially  plasma  filled  waveguide  are  quite 
different  with  that  in  completely  plasma  filled  waveguide,  and  the  dispersion 
curves  of  all  waves  can  not  pass  across  the  critical  frequency  line: 

i 

(o  =  to h  =(co^  +g>^)2.  It  has  been  found  that  some  calculations  given  in 
published  papers  should  be  checked  and  corrected.  It  shows  that  the  p,  =  0 
curve  in  the  p2,  p;  diagram,  for  example,  has  only  one  line  rather  than  two' 

lines,  as  it  was  given  in  [5]  and  [8j.  and  there  is  no  so  called  anisotropic 
waves  dispersion  curve  he,  as  it  was  shown  in  [5],  A  new  kind  of  waves 

which  is  unknown  in  published  papers  has  been  found  .  the  unusual 
dispersion  characters  of  this  kind  of  waves  are  discussed,  and  hence  there 
are  two  kinds  of  waves,  electromagnetic  waves  and  waves  containing  quasi¬ 
static  pans:  The  paper  also  calls  in  question  the  concept  of  "coupling  of 
dispersion  curves  between  modes"  and  presents  an  alternative  physical 
explanation  on  the  unusual  curvature  of  dispersion  curves  of  some  modes. 

I.  Introduction 

The  wave  propagation  along  a  waveguide  filled  with  plasmas  immersed  in  a 
magnetic  field  has  been  well  studied!1!-^).  References  [1-2]  are  pioneer 
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works.  In  [4]-[6]  ,  completely  plasma  filled  waveguide  was  studied,  and  in  [8], 
dispersion  equations  of  partially  plasma  filled  waveguide  was  given,  but  only 
for  symmetric  modes.  In  [7],  theory  of  partially  plasma  filled  waveguide  was 
presented,  but  there  was  no  calculation,  and  the  boundary  conditions  used 
was  not  standard.  Theoretical  study  both  for  partially  and  completely  plasma 
filled  waveguide  has  been  given  in  [3],  based  on  this,  detailed  analysis  and 
complete  numerical  calculations  are  given  in  this  paper.  The  paper  shows: 

1.  The  accurate  dispersion  equations  should  be  _ 

D 

when  D  *  0,  we  have  F(p,  ,p2  ,k)  =  0,  as  it  was  given  in  previous  published 

papers,  and  we  can  prove  that  when  D-0,  the  limit  of  lim  — P1,P2’k)  exjsts 

d-*o  d 

and  continues.  The  dispersion  curves,  therefore,  remain  unchanged. 

2.  The  cut-off  frequencies  and  the  dispersion  characters  are  quite  different 
in  partially  plasma  filled  waveguide  with  that  in  completely  plasma  filled 
waveguide. 

3.  Numerical  calculations  show  that  the  dispersion  curves  can  not  go  across 
the  critical  frequency  line  to  =cob  =  (co^  +  co2  for  all  modes,  and  that  also 


gives  strong  influences  on  wave  propagation  along  plasma  filled  waveguide 
in  finite  magnetic  field. 

4.  It  has  also  been  found  that  some  calculations  given  in  published  papers 
should  be  checked  and  corrected.  The  p2  =  0  curve  in  pp-  p,  diagram,  for 

example,  only  has  one  line  rather  than  two  lines  as  it  was  shown  in  [4]-[6],  [8], 
And  also,  the  existence  of  "anisotropic  waves"  he,  in  [5]  was  incorrect.. 

5.  A  new  kind  of  waves  which  is  unknown  in  published  papers  has  been 
found  and  hence  there  are  two  kinds  of  waves  that  can  propagate  along 
plasma  filled  waveguide  in  finite  magnetic  field:  they  are  electromagnetic 


waves  and  waves  containing  quasi-static  parts.  The  unusual  dispersion 
characters  of  this  kind  of  waves  are  discussed  in  the  paper. 

6.  It  calls  in  question  the  concept  of  "coupling  of  dispersion  curves  between 
modes"  presented  in  [5]  and  [6],  and  an  alternative  physical  explanation  on 
the  unusual  curvature  of  dispersion  curves  of  some  modes. 

The  paper  is  organized  as  following:  Section  I  is  introduction.  Dispersion 
equations  for  both  partially  and  completely  plasma  filled  waveguide  are 
discussed  and  analyzed  in  section  II.  The  calculations  of  cut-off  frequencies 
are  given  in  section  III,  and  the  numerical  calculations  of  dispersion 
equations  both  for  partially  and  completely  plasma  filled  waveguide  are  given 
in  section  V.  A  new  kind  of  wave  that  contains  quasi-static  parts  and  did  not 
appeared  in  published  papers  are  analyzed  in  section  IV  and  it  shows  that 
there  are  two  kinds  of  waves  in  plasma  filled  waveguide.  Section  VI  calls  in 
question  the  concept  on  "coupling  between  dispersion  curves  of  modes"  and 
an  alternative  physical  explanation  for  the  unusual  curvature  of  dispersion 
curves  of  some  modes  was  presented.  Section  VII  is  the  conclusion.  The 
derivations  of  the  dispersion  equations  of  the  waves  containing  quasi-static 
parts  and  the  corresponding  expressions  of  field  components  are  given  in 
Appendix. 

II.  Dispersion  Equations 

It  has  been  shown  that  for  plasma  filled  waveguide  in  finite  magnetic  field, 


we  have  two  coupled  wave  equations  for  Ez  and  Hz: 

V*E2  +  aEt  =  bHz  (1) 

V’H2+cH2  =  dE2  (2) 

Decoupling  eq.  (1)  and  (2),  we  get: 

[V*  +  (a  +  c)V’  +  (ac  -  bd)]E2  =  0  (3) 

[V*  +  (a  +  c)V*  +  (ac  -  bd)]H2  =  0  (4) 


Factoring  eq.  (3),  we  get: 


(5) 


(vi+P;)E„  =  o 

(v!+p^)e;I=o 

Where:  E,  =  E„  +  Ea 

Eigen  values  p*  and  p*  are  given  by: 


(6) 


(7) 


2  _  1 
Pu  -  2 


(a  +  c)  ±  [(a  +  c)2  -  4(ac  -  bd) 


(8) 


or: 


Pu  =  2s~[Y^S‘  +e3)  +  k2(eis3  +  sf  +s2)]± 

^~~{[y2  (e3  ~  s, )  +  k2 (s,s3  -  e?  -  s2)]2  +  4k 


Ve;e 


Je,}1 


(9) 


The  same  equations  may  be  obtained  for  Hzf3W5l. 

If  p*  and  p;  are  assumed: 

p2  *  0  (10) 

we  may  find  the  corresponding  solutions  (eigen  functions),  for  example,  for 
cylindrical  waveguide,  we  have: 

(11) 


Ez  =  En  +  E22 


Then  we  get: 


where: 


Ezl  =  AlJm(Pir) 

[Ez2=A2Jro(p2r) 


Hz  =  A1h1Jni(p1r)  +  A,h2Jin(p2r) 


(12) 


(13) 


(y2  +  k2e,)—  -pj2 


^L2  — 


(14) 


J^PoY 


The  transverse  field  components  may  be  expressed  by  means  of  Ez  and  Hzl3]. 
The  boundary  conditions  are: 


r  =  R  ■ 


r  =  R. 


E2  =  Ee=0 


Ee=Ei' 

Hi  =  HJ 
Hi  =  Hi1 


Then,  the  dispersion  equations  may  be  found: 


-^-c1+-irc2+-Vc3+  hr 

p-D  1  D2  2  p4  3  (R 


where 


r^007’ 


C,  =Y:pkg[p1J„(p1Rp)jn,(p:Rp)-P:JB1(P:Rp)jra(p1Rp)][eDQ  + 

(e3K  -e,P,)(e,K_-e,pi)F  +  k:p{eDK:Q[(e3K:  - elPi)P;J a(p3R p)jm(p,Rp) 

egY  Kg  J 

-(e3K2-e1p?)p,JB(p1Rp)jm(p:Rp)]+(e1K2-egk;)F 

[(e3K:-elp:)pIJ'in(p1Rp)jIB(p2Rp)-(e3K:-e1p[)p;Jm(p:Rp)jB(p,Rp)]} 


C:  =  e,P,P2Jm (p,Rp )JM (p2Rp )(p2  -  pf  )[K (y2  -  K2 )  +  e,k2K4 ] 
C3  =  k281)p:s1(p;  -p;)QFJm(p,Rp)jm(p:Rp) 


C<=elkip(p=-pJ)jii(p1Rii)jm(p!Rj(Ety!F-eDk;Q)  + 

71J»(p,R,)j„(p!Rp)[r!k^£1(pf-p“)  +  sty^(£1KJ-eskJ)  + 


K2  (e3K2 

[r2k;e,e. 


-8,p;)(EjK!-elpl)]-£iJn,(p,Rt)jm(p,R[). 

Sg 

(P!-p;)  +  Egr:k'(e1K!-£,k;)+K2(£)K1-£,p?)(eJK!-E,p;) 


(21) 

y!k;e,e,K4  +  (k4  -  K4)(e;.K2  - e.pfXs^1  -  e.pj)  +  k;(e,K2  -s,k;) 
(EsK2-s1p;)  +  s,y2k;K2(E!K=-e,p=)]_Pi-J.(p1Rp)j„(P:Rp). 

Sg 

[vik;e,£,K!(p;  -p2)  -  £2y:k‘(y2  -  K^-yMvjs^K4  +  (k4  -  K4)- 
(e.sK2  -e.pfX^K2  -E,p2)  +  k;(£,K2  -e.kjX^K2  -E|P;)  + 
£,y:k;K2(8.K2-£,Pl2)] 


C^P.Y^Jp.RjjJp^Jfpf-p2) 


f  2K2 


P 

2  _  ..2 


v  P2D  p< 


p  =y  +  k  e. 


D=  K4  -  kg 
K2  =y2  +  k2s, 
kg  =®Voeoeg  =  ^:s,, 

eg=|e2|.  £2=-jsg 


0 

dJ 


(23) 


(24) 

(25) 
(26) 
(27) 


and: 


(28) 


0  Nm(pR,)Jm(pR>)-Jm(pRI)N.(pRp) 
J„(pRP)N„(pRc)-J„(pRt)N„(PRp) 

r  Nm(pRc  )Jm(pRp)- Jm(PRc)Nm(pRp) 
^(pRp)N.(pRc)-J„(pRt)Nm(pR„) 

Eq.  (17)  is  a  general  dispersion  equation  for  magnetized  plasma  waveguide. 
Now,  based  on  this  dispersion  equation,  we  can  discuss  the  following  special 
cases: 

1.  The  general  dispersion  equation  (17)  shows  that  it  contains 


fm) 

2 

(  \ 

m 

9 

o 

I  p; 

and  symmetrical  (m=0)  terms.  For  m=0,  the  symmetric  mode, 


we  can  get  the  following 
dispersion  equation: 


1  -c, +ic2  +  -!rc3.=o 


(30) 


p  D  1  D‘  -  p 
2.  When  R  =  Rc,  i.  e.  the  waveguide  is  fully  filled  with  plasma,  the  dispersion 

equation  (17)  reduces  to  the  following  equation: 


PlJm(PlRc  )Jm(P2Rc) 


Ykg  -  — (e3K:  -€lP;) 


ykg-—  (s3k2-s1p^) 


ys 


y 

f  m 


-P2Jm(P2Rc)jm(P,Rc)' 


I^S 


lRJ  ye. 


(p:-pI)jJp,RJJ„(p:R..)  =  o 


(31) 

Actually  and  more  accurately,  the  dispersion  equations  should  be  written  as: 

~  F(p, ,p.,k)  =  0  (32) 

Where  D  is  given  in  [25]  and  F(p,,p2,k)  is  the  rest  part  function  of  the 


dispersion  equations  (17)  or  (31). 


Only  under  the  condition  D-0,  we  can  get  F(pj  ,p2  ,k)  =  0  as  usual. 


We  can  prove  that  the  limit  lim 

D-»0 


p(pi,p2,k) 

D 


exists  and  continues. 


It  has  been  shown  that  no  matter  eigen  values  p-  and  p*  are  real, 
imaginary  or  complex,  there  are  waves  that  can  propagate  along  plasma  filled 
waveguide  in  finite  magnetic  field,  the  classification  of  waves  will  be 
discussed  later. 

It  has  been  shown  also  that  there  is  a  critical  frequency!3): 

ffl=oh=(fflL+fflJe)5  (33) 


If  this  resonance  occurs,  there  is  disruption  of  the  wave  propagation,  this 
means,  the  dispersion  curves  for  all  wave  can  not  go  across  the  critical 
frequency  line. 

Since  the  Bessel  function  has  the  property  of  Jm(x)  =  J_m(x),  and  the  sign 
of  sg  depends  on  the  wave  propagation  direction  along  or  against  the 
direction  of  magnetic  field  B0  =  B0e2.  Eq.  (17)  and  (31)  show  that  there  is 
some  kind  of  nonreciprocal  property  for  the  waves  propagating  along  plasma 
waveguide  in  finite  magnetic  field,  the  problem  about  the  nonreciprocal 
property  will  be  discussed  in  detail  in  authors'  another  paper. 

III.  Cut-off  frequency 

Let  y  =  0,  from  eq.  (17)  we  get  the  following  equation  for  cut-off  frequencies: 


J.(p,R,) 


-pQ 


E?+ej 


pF-e,p2 


J.(paR.) 


m  . 


J»(P:Rp)  R, 

(p?=(p?).  pMpj).) 


=  0  (34) 


Where  at  y  =  0,  we  have  p2  =  k2eD,  (pf)  =  k2s3,  (p2)  =  k2 


ef  +  e? 


In  the  case  of  Rp  =  Rc,  the  completely  plasma  filled  case,  Q— »  oo,  F  -  0, 


from  equation  (34),  we  get: 


(35) 


kJ-(p.Rp) 


Jm(P2Rp)  msg 

Jm(P2Rp)  RpSlP2 


From  eq.  (34),  we  can  get  three  equations  for  cut-off  frequencies  of  the 
waves: 


k  =  0 


(36) 


P, 


j'„,(p,rp) 


-pQ  =  0, 


(37) 


2  2 
£l  +  £2 


pF-s,p2 


Jm(P2Rp)  m 

^(p2rp)’r7£ 


=  0. 


P:  =  (pi )  (38) 

c 


We  can  get  analytical  calculation  expressions  by  using  eq.  (35),  (37),  (38). 
So  we  can  classify  the  electromagnetic  waves  using  the  cut-off 
frequencies.  The  waves  their  cut-off  frequency  equation  is  (36)  are  plasma 

waves.  Eq.  (37)  represents  EH  waves,  the  cut-off  frequencies  of  which  are 
only  the  function  of  Qp  and  have  not  any  relation  with  co.  Equation  (38)  are 

the  cut-off  frequency  equation  of  HE  waves,  which  are  not  only  the  function  of 
co  .  but  also  of  ©  . 

P  c 


The  numerical  calculation  results  of  equation  (37)  are  shown  in  figure  1  It 
gives  the  relation  of  cut-off  frequency  of  EH  waves  with  G  The  results  of 

p 

equation  (38)  are  shown  in  figure  2  and  figure  3.  They  give  the  relations  of 
cut-off  frequency  of  HE  waves  with  ©r  and  coc-  In  these  figures,  (a)  is  for 

completely  plasma  filled  case  (Rp  /  Rc  =1),  and  (b)  is  for  partially  plasma 

filled  case  (Rp  /  R .  =  0.7).  In  figure  2  and  3,  there  are  two  special  curves  of 


co,  and  (o;-  Where  co,  = 


_  +  4o)p  +Q>C 


is  the  solution  of  equation 


K*  =  -k*  (D-0)  under  the  condition  of  (3  =  0.  co,  =  —  £  ^(— — 


w. 


is  the 


solution  of  equation  K2  =  k2  (D=0)  under  the  condition  of  P  =  0.  Curves  ©, 
and  co2  will  be  discussed  later. 

From  the  calculation  results  of  cut-off  frequency,  as  shown  in  Fig.  1 ,  Fig.  2, 
and  Fig.  3,  we  have  the  following  important  points: 

(1).  For  EH  modes:  the  cut-off  frequencies  are  all  higher  than  Qp  in 
completely  plasma-filled  case,  but  can  be  lower  than  cop  in  partially  plasma- 
filled  case.  (2).  For  HE  modes:  the  cut-off  frequencies  are  all  higher  than  co. 
in  completely  plasma-filled  case,  but  can  be  lower  than  ©,  in  partially 
plasma-filled  case.  Also,  with  the  increasing  of  coc,  more  modes  are 
condensed  up  near  ©  h . 

(3) .  For  each  mode,  no  matter  EH  wave  or  HE  wave,  the  cut-off  frequency  is 
increasing  with  the  increasing  of  cop.  But  this  increasing  rate  becomes  slow 

when  cocu)  >  cop  in  partially  plasma-filled  case. 

(4) .  There  are  more  condensed  modes  in  partially  plasma  filled  case 
compared  with  completely  plasma  filled  case.  Also,  for  HE  modes,  there  are 
many  modes  nearly  below  ©  h . 

(5) .  For  HE  modes,  if  the  cut-off  frequencies  are  below  ©h,  they  are  called 
cyclotron  modes.  If  the  cut-off  frequencies  are  higher  than  ©h,  they  are  called 
waveguide  modes.  The  curve  of  mode  HE0)  is  usually  coincided  with  the  line 
coh. 

IV.  Numerical  calculations  of  dispersion  equation 
Now,  we  give  the  numerical  calculations  of  dispersion  equation  (17)  and 
(31).  and  make  analysis  of  the  calculations.  We  have  found  that  some 
calculations  given  in  [4]  and  [5]  should  be  checked  and  corrected. 

At  first,  we  have  calculated  the  eigen  value  diagram,  as  shown  in  Fig.  4,  it 
can  be  seen  that  the  curve  a  of  p2  =0  is  one  line  going  across  coh,  not  two 

lines  which  was  given  in  Fig.  1  of  [5]  (We  present  it  as  a  little  figure  on  Fig.  4 
in  this  paper).  Both  analytical  and  numerical  study  show  that  on  the  line  of 


(D  =  0 p,  we  also  have  p2  =0.  But  the  curve  a  of  p2  =0  is  the  line  of 


,  ,  0  +  00c  -  0; 

equation  p  =  k  - L  (see  section  V  and  Appendix),  it  is  one 

0(0  +  oc ) 

continuos  line,  not  two  lines  as  it  was  shown  in  [4]-[6],  [8]  (for  example,  Fig.  1 
in  [5]). 

Fig.  5  shows  rather  complete  dispersion  curves.  Dashed  lines  show  three 
special  critical  lines:  D=0  and  p2  =  0.  Here  again  there  is  difference  between 

our  calculations  with  that  given  in  Fig.  2  of  [5].  Mainly,  the  cut-off  frequency  of 
HE,,  mode  is  below  ©,,  so  the  mode  dispersion  curve  will  go  across  the  line 
of  p2  =  0.  We  have  also  found  that  there  is  no  HE,  mode,  and  the  curve  for 
HE,  mode  given  in  Fig. 2  of  [5]  is  actually  the  line  of  p2  =  0. 

From  Fig.  5,  we  can  see  that  there  are  mainly  three  kind  of  waves:  the  first 
is  plasma  modes  their  cut-off  frequencies  are  zero.  The  second  is  the  modes 
their  cut-off  frequencies  are  lower  than  coh,  these  modes,  include  EH  modes 

and  HE  modes,  are  cyclotron  wave  modes.  The  dispersion  curves  of  these 
cyclotron  waves  will  be  condensed  between  ©h  and  Max(0f,op).  All 

these  dispersion  curves  can  not  go  through  ©h  line.  The  third  is  the  modes 
their  cut-off  frequencies  are  higher  than  oh.  They  are  all  waveguide  modes. 

Fig.  6(a)  and  6(b)  show  some  waveguide  waves,  there  is  also  difference  with 
that  given  in  Fig.  3  of  [5],  the  mode  HE0,  should  be  below  mode  EH02. 

Fig.  7  and  Fig.  8  show  some  waveguide  waves  the  cut-off  frequencies  of 
which  are  close  to  ©h.  Again  there  are  differences  between  our  calculations 

with  that  given  in  Fig.  4(a)  and  Fig.  5  of  [5],  It  seems  that  in  [5]  Fig.  4(a)  the 
curve  EH,,  was  confused  with  the  line  of  D=0,  p2  =  0,  and  the  curve  HE,  is 

really  the  dispersion  curve  of  HE,,. Fig.  8  shows  that  many  EH  modes  are 
cyclotron  modes. 

It  should  be  mentioned  that  in  order  to  easily  make  comparison,  all 
parameters  used  in  our  calculations  are  the  same  as  that  used  in  [5], 


One  of  the  important  differences  between  us  and  [5]  which  should  be  noted 

is  that  in  [5]  it  was  presented  that  there  are  so  called  anisotropic  waves  for 
which  one  of  the  eigen  value  is  negative  (pj  <0  or  p*  <0).  Our  opinion  is 

that  there  is  no  such  kind  of  mode.  The  reasons  are: 

1 .  A  number  of  waves  their  dispersion  curves  can  go  through  one  zone 
(pf  >0  or  p2  >0)  to  another  zone  (p*  <0  or  p2  <0),  that  means  one  of 

the  eigen  values  (p;  or  p;)  changes  sign  naturally,  it  does  not  cause  to 

appear  a  new  kind  of  waves. 

2.  The  dispersion  curves  of  anisotropic  waves  he,  given  in  [5]  is  actually 
nothing  but  the  curve  of  D=0,  p2  =0.  It  has  no  mean  with  "anisotropic  waves", 
the  waves  associates  with  D=0,  p2  =  0,  are  discussed  in  section  V  and 
Appendix. 

For  the  partially  plasma  filled  case,  the  dispersion  characters  are  different. 
Fig.  9(a),  9(b)  show  the  dispersion  curves  of  the  partially  plasma  filled  case. 
They  are  the  dispersion  curves  in  a  partially  plasma-filled  waveguide  with 

Rp 

~~  —  0.714.  The  dielectric  is  vacuum.  Compared  with  the  completely  plasma 

Rc 

filled  case,  we  can  see  that  for  these  modes  of  >coh,  the  dispersion 
curves  have  a  slower  increasing  rate  of  frequency  with  pRc,  because  the 
curves  can  go  across  the  second  line  of  D=0,  p2  =0.  So  by  changing  the 

thickness  of  dielectric  the  phase  velocity  of  each  mode  can  be  changed.  Also, 
-  there  are  more  modes  in  partially  plasma-filled  case.  In  partially  plasma  filled 
case,  there  are  also  a  line  of  p=0,  this  line  will  go  through  the  dispersion 
curves  of  cyclotron  modes.  As  in  the  condition  of  D=0,  the  dispersion 
character  of  waves  in  this  case  is  also  different.  The  discussion  in  this 
condition  is  just  as  in  the  case  of  D=0,  which  will  be  discussed  in  the  follow 
section. 

V.  A  new  kind  of  wave 


Mathematically,  if  one  of  eigen  values  vanish,  for  example,  p2  =0,  (i.  e. 
K2  =  ±k2)  then  the  corresponding  wave  equation  becomes  Laplace  equation: 

V2  Ez2  =  0  (39) 

The  solution  is: 

Ez2  =  A2rm  (40) 

Hz2  =  A2h2rm  (41) 

Physically,  this  belongs  to  quasi-static  waves.  It  is  obvious  that  this  part  of 
waves  is  closely  connected  with  plasma. 

We  obtain,  therefore: 

Ez  =  AIJm(pIr)  + A2rm  (42) 

Hz  =Aih1Jra(p1r)  +  A2h2rm  (43) 

As  Appendix  shows,  the  transverse  components  of  fields  present  two  kinds  of 
wave  polarization,  the  left  hand  polarized  wave  (LHP)  which  corresponding  to 
K:  =  k2  and  right  hand  polarized  wave  (RHP)  which  corresponding  to 

K:  =  -k2.  By  using  the  boundary  conditions,  we  can  obtain  the  dispersion 
equations  at  Rp  =  Rc: 

For  LHP,  the  dispersion  equation  is: 


— ?— J.(p,R.)~— 

2K2R„  m  Fl  e'  d, 


For  RHP,  the  dispersion  equation  is: 

J*.i(p,R,) 


-  hjJ„(PlR.) 


m  R„ 


2K  Rc.  2m +  2 


=  0 


(44) 


-MJp.R.) 


m  R, 


2K2R.  2m  +  2 


=  0 

(45) 


The  detailed  derivation  of  eq.  (44)  and  (45)  is  given  in  Appendix  I. 


modes" 


In  [2],  [5]  and  [6],  a  concept  on  the  "coupling  between  dispersion  curves  of 
modes"  has  been  presented  to  explain  the  unusual  shape  curvature  of  the 
dispersion  curves  of  some  modes,  as  shown  in  Fig.  3  and  Fig.  5  in  [5],  In  this 
section  we  deal  with  the  concept.  The  reason  for  presenting  such  concept  is 
stated  in  [5]  and  [2]:  "there  exists  a  value  of  magnetic  field  b0  such  that  the 
cut-off  frequency  of  the  lowest  waveguide  mode  (EH01)  is  less  than  the 
upper-hybrid  frequency.  The  dispersion  curve  of  EH01  mode  is  then 

incorporated  with  the  family  of  cyclotron  waves  and  coupled  with  one  of  them. 
When  the  cut-off  frequency  of  waveguide  mode  (EH01)  is  less  than  the  cut¬ 
off  frequency  of  the  lowest  cyclotron  mode  HE£,,  the  coupling  occurs  between 
dispersion  curves  of  these  two  modes". 

In  fact,  there  is  no  solid  ground  to  support  this  concept.  Since  each  mode  is 
independent,  the  dispersion  equation,  which  is  valid  and  independent  for 
each  mode,  is  derived  by  using  the  smooth  wall  boundary  conditions  and  the 
field  components  expressions  that  are  also  independent  for  each  mode. 
Therefore,  during  the  entail  physical-mathematical  process  of  the  problem 

concerning  the  dispersion  characters  of  the  wave  propagation  along 
magnetized  plasma  waveguide,  except  the  coupling  between  TEnm  and 

TM^  which  causes  that  the  waves  are  always  hybrid,  there  is  no  any  other 

coupling  mechanism  at  all.  It  is  hard  to  believe  that  there  exists  any  coupling 
between  dispersion  curves  of  modes.  This  paper,  therefore,  calls  in  question 
this  coupling  concept. 

The  numerical  calculations  show  that  the  unusual  curvature  sharp  of  the 
dispersion  curves  of  some  modes  really  exists.  The  problem  is  how  to  make  a 
proper  explanation  about  this  phenomena.  In  this  paper,  an  alternative 
explanation  for  this  phenomena  is  presented. 

Looking  at  the  figures  given  in  [2]-[5],  the  Fig.  8  in  this  paper,  for  example,  it 
is  easy  to  find  a  fact  that  all  these  "couplings"  occur  in  the  vicinity  of  the  line 


In  addition,  there  is  one  more  equation: 


P?2  =  a  +  c  =  J-fy1  (s,  +  e,)  +  k1  (e,e,  +  ef  +  t\ )]  (46) 

SI 

So  together  with  the  equations  of  p2  =  0,  the  dispersion  characters  of  the 
new  waves  can  be  determined. 

The  numerical  calculation  results  show  the  solutions  of  eq.  (44)  are  some 
spots  on  the  curve  of  K2  =  k2,  that  is: 


|j2  ^2  0^  +  aK°c  _COp 


(47) 


G)(CD  +G)J 

where  (y  =  j0),  and  that  for  eq.  (45)  are  some  spots  on  the  curve  of 
K2  =  -k2,  that  is: 


p2  =k 


2q)2-gkoc-cp2 
o((0  -0)c) 


(48) 


,  Carefully  theoretical  study  and  numerical  calculations  show  that  we  have 
three  kinds  of  curves  on  dispersion  diagram:  dispersion  curves  (eq.  (31 )  or 
(17)  for  example),  dispersion  curves  (eq.  (44),  (45)),  and  D=0  curve.  These 
three  kinds  of  curves  may  go  across  each  other  on  some  common  discrete 
points,  as  shown  in  Fig.  10.  At  these  points  the  waves  consist  of  two  parts, 
electromagnetic  wave  parts  and  quasi-static  parts. 

We,  therefore,  have  found  a  new  kind  of  waves  that  contain  quasi-static 
field  components,  and  there  are  two  kinds  of  waves,  electromagnetic  waves, 
for  which  p2  *  0  ,  p2  *  0,  and  waves  containing  quasi-static  parts,  for  which 
p:  =  0  (or  pj1  =  o).  The  electromagnetic  waves  have  been  well  studied,  but  the 


new  kind  of  waves  that  contains  quasi-static  parts  is  unknown  in  published 
papers. 


Thus  we  have  found  that  the  wave  propagation  along  waveguide  filled  with 
plasma  in  finite  magnetic  field  may  have  quite  unusual  dispersion  characters. 
VI.  The  question  of  "the  coupling  between  dispersion  curves  of 


Thus,  we  call  in  question  of  "the  coupling  between  dispersion  curves  of 
mode”.  We  think  these  curvatures  represent  their  own  dispersion  characters 
of  each  mode,  coupling  does  not  exist. 

VII.  Conclusion 

This  paper  gives  a  completely  study  of  the  wave  propagation  along 
waveguide  both  partially  and  completely  filled  with  plasma  immersed  in  finite 
magnetic  field.  The  following  main  contributions  have  been  obtained: 

1.  It  shows  that  there  exist  quite  big  difference  of  cut-off  frequencies  and 
dispersion  waves  between  partially  and  completely  plasma  filled  cases. 
These  differences  have  been  discussed  in  sections  III  and  IV.  It  shows,  for 
example,  that  by  means  of  changing  the  thickness  of  the  dielectric  tube,  one 
can  tun  the  dispersion  curves  of  the  propagating  waves  in  partially  plasma 
filled  waveguide,  and  there  are  more  condensed  modes  of  waves  near 
co  =  0  h  in  partially  plasma  filled  case. 

2  It  has  been  found  that  the  calculations  given  in  [5],  [6],  [8]  should  be 
checked  or  corrected.  For  example,  the  curve  of  pi:  =  0  in  the  eigen  values 

diagram  shown  in  [4]-[6],  [8]  has  two  lines  seems  incorrect,  it  only  has  one 
line  as  shown  in  Fig.  4  in  this  paper.  It  shows  that  the  so  called  anisotropic 
wave  HE,  presented  in  [5]  seems  can  not  exist,  and  it  also  shows  that  the 
dispersion  curves  of  HE,  given  in  [5]  is  really  nothing  but  the  curve  of  p*  =  0. 

3.  A  new  kind  of  waves  has  been  found  .  These  waves  contain  quasi-static 
field  components  and  are  associated  with  D=0,  p\  =  0.  The  dispersion 

characters  are  quite  unusual:  the  dispersion  characteristics  depend  on  the 
discrete  points,  rather  than  curves,  which  are  the  common  cross  points  of  the 
curves  p*  =  0,  the  usual  dispersion  curves  of  wave  propagation  (eq.  (31)  or 

eq.  (17),  and  the  dispersion  curves  given  in  section  V  and  Appendix  of  this 
paper. 

4.  The  paper  calls  in  question  the  concept  of  "coupling  of  dispersion  curves 
between  modes"  presented  in  [2]  and  [5],  and  presented  an  alternative 


os  =cohl  where  coh  =  (©*  +  w*)2,  and  are  happened  among  the  dispersion 

curves  of  the  modes  the  cut-off  frequencies  of  which  are  close  or  even  less 
than  ©  =©h.  It  reminds  us  that,  at  co  =coh,  all  modes  can  not  propagate, 
there  is  disruption  of  wave  propagation  at  co  =  coh  for  all  modes  and  waves.  It 

will  be  shown  that  by  using  this  fact,  the  unusual  curvature  sharp  of  the 
dispersion  curves  of  some  related  modes  may  be  explained  successfully. 

As  shown  in  Fig.  3,  with  the  increasing  of  ©c,  more  modes  are  condensed 
up  near  oh.  Their  cut-off  frequencies  should  all  be  a  little  bit  higher  than  o 

the  dispersion  curves  of  these  modes  must  be  unusually  curvature  in  the 
frequency  region  close  to  the  line  of  ©  =  ©fa.  Because  the  dispersion  curves 
can  not  go  across  the  line  co  =  coh  and  the  factor  1  /  (co  —  coh),  is  involved  in 
the  dispersion  equations  through  8),  e2,  e3  and  p2,  p2,  and  becomes  very 
large  in  the  vicinity  of  co  =  coh,  it  is  obvious  that  the  influence  of  this  factor  on 

the  dispersion  curves  is  very  strong.  Therefore,  the  dispersion  curves  of 
these  modes  (the  cut-off  frequencies  are  less  than  cov  or  close  to  Q  )  must 

have  unusual  curvature.  These  facts  are  enough  to  explain  the  unusual 
curvature  sharp  of  the  dispersion  curves  of  the  related  modes. 

We  have  the  following  points:  at  first,  for  the  modes  their  cut-off  frequencies 
are  a  little  bit  higher  than  oah,  there  are  condensed  dispersion  curves  of 
modes  near  the  line  ©=©h.  Secondly,  as  a  results  of  these  condensed 

dispersion  curves,  these  curves  must  have  unusually  curvature.  Thirdly,  in 

addition  to  these  two  points,  for  those  modes,  the  dispersion  curves  of  which 
can  be  close  to  the  line  of  ©  =  ©h,  the  factor  of  1  /(©  —  ©h)  becomes  very 

large  in  the  vicinity  of  ©  =  ©  h  line,  and  this  factor  is  involved  in  the 
dispersion  equation,  therefore,  its  influence  on  the  dispersion  curves  is 
strong.  And  finally,  the  lines  of  D=0  and  p=0  in  the  partially  plasma  filled  case 
also  give  some  influences  on  the  dispersion  curves. 
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physical  explanation  on  the  unusual  sharp  of  the  dispersion  curves  of  some 
modes. 

Thus,  the  paper  provides  a  good  theoretical  ground  for  better  understanding 
in  physics  and  further  study  of  the  problems  of  wave  propagation  along 
waveguide  filled  with  plasma  in  finite  magnetic  field,  that  is  very  important  in  a 
variety  of  areas  in  science  and  engineering,  such  as  high  power  microwave 
generation  and  microwave  excited  plasmas. 

This  paper  is  supported  by  Chinese  National  Science  Foundation  as  part  of 
theoretical  work  on  one  of  the  subproject  under  the  National  Key  Project  of 
"Basic  Research  on  Microwave  Plasmas  and  Their  Applications". 
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.  Equation  (A8)  is  taken  into  consideration  first,  which  is  corresponding  to 
LHP  waves.  When  K2  =  -k2,  the  equation  (A8)  becomes: 


•T-  r-  j  I  ( dEz  m_,  ^  ( <3HZ  mTT 

jE,+E*=2Kr  -ybr+7E«J+“M»br+7H- 


(A10) 


From  the  Maxwell’s  equations: 

V  x  £  =  —  jcojn0H 


So  we  get: 


3E0  Ee  .m_  .  TT 
— i  +  J--j-E,  =-j(Bn0H1 
or  r  r 


(All) 


(A12) 


The  equation  for  e6  can  be  derived  from  (A1 0)  and  (A1 2): 

5Ee  ,  TT  jm  [  f  dEz  m_  ^  ( 3EZ  mTT 

r—  +  (m  +  l)Ee  =  -jcop0rHz  +  — -  -y  ~^L  +  —EZ  +C0M,  -ri  +  — H, 
or  2K  V  or  r  J  V  or  r 


(A13) 


The  equation  (A13)'can  be  transformed  into  following: 


r’m|_^:(rm+1Ee)J==="jO>M0rH2  +  2K^r"m{-y[^(rmEjJ  +  coMo-|:(r>,,H2)} 

(A14) 

The  Ee  can  be  solved  from  (A14),  and  the  field  components  can  be  obtained: 


Ee  =  -j©m>  Aih 


Jm+i(Ptr) 


A,h,  — -  +  — ^-(-yE,  +  o)ji0H. ) 

2  2m  +  2  2KV  1  1  Ko  z> 


(A15) 


Er  A,h 


p,  :h,2m  +  2  2KU  Y  5r  3r 


(A16) 


H,  =  -J— [  yE„  +  — E 

coilA  r 


(A17) 


Appendix  Field  distribution  under  D=0 


According  to  the  definition  of  a,  b,  c,  d: 

a  =  (y2  +  k2£1)s3  / e, 

(A1) 

b  =  jcofi0ye2  /  £j 

(A2) 

c  =  y2  +  k2(ej  +s2)/b, 

(A3) 

d  =  -  jcos0ye2e3  /  e, 

(A4) 

Under  the  condition  of  D=0,  where  D  =  K4  -  k4,  we  can  get: 

p,  =a  +  c,  p2  =0 

* 

u  c  .  a 

hi=-r  h2=- 

b  b 

(A5) 

From  equations  (3)-(7),  under  p2  =  0,  we  can  get  the  expressions  of  Ez  and 

H2: 

Ez  =A.J,n(p1r)  +  A2rm 

(A6) 

Hz  =  A,hlJm(p1r)  +  A2h,rni 

(A7) 

Since  D=0,  the  other  field  components  can  not  be  derived  directly  from  the 
Ez  and  Hz  under  the  condition  of  D=0,  and  a  different  method  is  employed  to 

get  them. 

The  e,  and  Ee  satisfy  following  equations: 


JE,  +E0  = 


K2  -k 


( dE  m  _  ^  f  dH  m 

T  ~y  -Tl  +  ~E,  ~r~  +  ~HZ 


c  _  J  ./  dE  ,  ni  ^  f dH7  mTT 

Jbr  _Ee  =  777".  ~  y\  -~TT  +  — Ez  -r*- - H, 

dr  r 


^  +  kg  L  A  dr  r  y  dr  r  '  )\  v ' 

D=0  means  K2  =  k~  or  K2  =  -k2.  The  equation  (A8)  is  employed  to  derive 
fields  for  K2  -  -k2  and  equation  (A9)  for  K2  = .  k*. 


(A25) 


Actually  the  dispersion  equations  in  section  II,  equations  (17),  (30)  and  (31), 
should  be  written  more  accurately: 


F(k,y,E1,E,,e,)_ 

D 

(A26) 

Where 

Oil 

1 

ii 

O 

(A27) 

and  F(k,y,el5eg 

,e3)  =  F(p,,p2,p)  is  the  rest  parts 

of  the  dispersion 

equation.  The  dispersion  equation,  for  example,  eq.  (31)  and  eq.  (17)  are 
valid  only  when 

D  *  0  (A28) 

If  eq.  (A28)is  not  fulfilled,  we  get  p2  =  0,  then  we  have  the  case  discussed  in 
this  appendix.  It  is  very  important  to  note  that  we  can  prove  that  when  D  -  0, 
the  limit  of  all  field  components  are  exist  and  approach  to  the  results  given  in 
this  appendix,  and  the  dispersion  equation  (A26)  reduces  to  eq.  (A24)  or 
(A25). 

For  =  0,  we  can  get  similar  results. 


•  if. 


He=- 


f 


dE\ 


yEr  + 

V  r  dr  J 


(A18) 


The  transverse  field  components  of  RHP  waves,  which  corresponding  to 
K2  =  k2,  can  be  obtained  in  a  similar  way: 


Ee  =-jcop0 


A.h,  inulElll  +  Ajh2  — 


m+1 


2m  +  2 


jm 

2K2r 


(yEz  +cop0Hz) 


Er  =-©M0 


A,hi 


Jm+i(Pir) 


.  m+1 


+  Ajhj 


2m +  2 


f 


2K2 


<3E, 


(A19) 

<3*0 


YlT+0>^  a 


H,=J-  yE.-^E, 
©PoV  r  \ 


He=- 


J 


r- 


yEr  + 


<3r  ) 


(A20) 
(A21 ) 

(A22) 


In  completely  plasma  filled  case,  the  dispersion  equation  can  be  derived  by 
the  boundary  condition: 


r-Re  •-  Ee  r»Rc  “  ® 


So  the  dispersion  equation  for  LHP  wave  is: 


(A23) 


-Mm(p,Rc) 


m 


R, 


2K  R  2m +  2 


=  0 


(A24) 


And  the  dispersion  equation  for  RHP  is: 


h> 


m 


2K2R 


2R  -m 
c 


(p,R.)+J""'^P'R^ 


p. 


-M„(p,R<) 


m 


R, 


2K  Rc  2m +  2 


=  0 


completely 


Fig.  1  Cut-off  frequencies  of  EH  waves  versus  plasma  frequency  oo  p 

(a)  Completely  plasma  filled  case. 

(b)  Partially  plasma  filled  case  (Rp/Rc=0.7,  e  d=4) 

Fig.  2  Cut-off  frequencies  of  HE  waves  vs.  plasma  frequency  w  p  ( co  cRc/c=5) 

(a)  Completely  plasma  filled  case. 

(b)  Partially  plasma  filled  case  (Rp/Rc=0.7,  e  d=4) 

Fig.  3  Cut-off  frequencies  of  HE  waves  vs.  cyclotron  frequency  co  c 
(top=1.85*  lO^s’1,  R=1.5cm).  (a)  Completely  plasma  filled  case. 

(b)  Partially  plasma  filled  case  (Rp/Rc=0.7,  e  D=4) 

Fig.  4  Areas  which  determine  the  signs  of  eigen  values  p*  and 

®-Pi  >0;  >0-'  H.p?  and  p;  are  complex;  Q,pf  <0,  <0 

Fig.  5  Dispersion  curves  of  the  lowest  modes  of  each  type  in  a  completely 
plasma  filled  waveguide  for  Bq=0.175T  (coc/oop=1.86), 

co  p=1 .85  x  1 0"^  0s*4 ,  R=1 ,5cm. 

Fig.  6  Dispersion  curves  of  symmetrical  waveguide  modes  in  a  completely 
plasma  filled  waveguide  for  cop=1.85*  lO^s'1,  R=1.5cm: 

(a)  coc/cop=5.76,  (b)  coc/cop=5.86 

Fig.  7  Dispersion  curves  of  waveguide  modes  in  a  completely  plasma  filled 
waveguide  for  cop=1.85  *  10*1 0S-1,  R=i.5cm  and  ooc/<op=4.07. 

Fig.  8  Dispersion  curves  of  the  non-symmetrical  waveguide  modes  in  a 
completely  plasma  filled  waveguide  for  cop=l.85  *  1010s_1,  R=1.5cm 

and  (a)  toc=8.8  *  lO^s*1,  (b)  coc=14.14  x  io10s-1. 

Fig.  9  Dispersion  curves  of  symmetrical  waveguide  modes  in  a  partially 
plasma  filled  waveguide  for  cop=1.85x  io^s-I,  Rp/Rc=o.7l4, 

e  D=1.  Rc=2.95cm,  and  (a)  coc/(op=0.75,  (b)  coc/cop=4.14. 

Fig.  10  Three  kinds  of  curves  on  dispersion  diagram  (m=0,  cocR/c=5, 
co  pR/c=6).  (The  solid  lines  from  eq.  (31),  the  dashed  lines 
from  eq.  (45),  the  dotted  line  for  D=0) 


a)  Completely  plasma  filled  case. 


Fig  5  Dispersion  curves  of  the  lowest  modes  of  each  type  in  a  completely  plasrr 
waveguide  for  Bq=0  17GT  (u>c/<o,,=1.86),  w  =1.85  «  IO^s'1.  R=1. 5cm 
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Abstract  -  Gas  in  microwave  tubes  is  an  anathema  to  the  traditional  microwave  vacuum 
electronics  (MVE)  community.  The  surge  in  high  power  microwave  (HPM)  R&D  that  began  in  the 
late  1970s  signaled  a  departure  from  that  engineering  mindset.  The  plasma  that  poisoned  the 
thermionic  cathode  and  destroyed  signal  purity  in  MVE  devices  became  a  shining  hope  of  HPM 
researchers.  Only  cathode  plasmas  could  supply  the  kiloamperes  per  square  centimeter  necessary  to 
drive  the  proposed  HPM  tube  concepts.  A  plasma  fill  provided  an  ion  background  that  helped 
neutralize  electron-beam  space  charge,  thereby  permitting  greatly  elevated  beam  currents. 
Unfortunately,  the  cathode  plasma  that  supplied  prodigious  numbers  of  electrons  to  feed  the  drive 
beam  also  expanded  to  short  out  anode-cathode  gaps.  The  highly  nonuniform  cathode  plasma 
surface  is  unable  to  produce  the  uniform  high-quality  e-beam  necessary  for  high  efficiency  and 
reproducible  output  performance.  This  paper  discusses  these  and  other  blessings  and  curses  that  are 
held  by  plasma  for  the  overall  microwave  community.  A  detailed  analytical  formulation  is  proposed 
to  facilitate  studies  in  this  challenging  field. 


The  microwave  tube  engineers  who  are  in  the  business  of  producing  rugged,  reliable  microwave 
sources  take  great  pains  to  eliminate  every  trace  of  residual  gas  from  their  devices.  To  achieve  vacuums 
better  than  10(-9)  Torr,  every  internal  component  is  meticulously  cleaned.  No  plastics  or  liquids  are 
allowed  inside  the  vacuum  envelope.  The  entire  device  is  baked  for  days  in  order  to  facilitate  the 
ngorous  pump-out  Afterward,  cathodes  are  fired  repeatedly  thousands  and  even  millions  of  times  to 
"condition”  them,  boiling  off  impurities  and  increasing  beam  quality. 

These  precautions  are  meant  to  protect  the  active  thermionic  cathode  surface  from  being 
poisoned  and  reducing  beam  current  They  also  minimize  the  presence  of  ions  in  the  tube  that  could  be 
accelerated  to  cause  impact  damage  to  various  components.  In  addition,  they  reduce  chances  for  surface 
flashover  of  contaminants  that  short  out  segments  of  the  microwave  configuration.  It  is  not  surprising 
that  gas  (and  resultant  plasma)  is  the  enemy  of  traditional  microwave  tube  engineers. 

The  late  1970s  witnessed  the  birth  of  a  new  field  of  microwave  source  research  that  sought 
extremely  high  power  microwave  (HPM)  devices.  Significantly,  the  overwhelming  majority  of  the 
researchers  who  flocked  to  this  new  field  emerged  from  the  plasma  physics  rather  than  from  the 
electrical  engineering  community.  The  reasons  for  this  staffing  anomaly  are  debatable  but  the 
consequences  are  clear.  HPM  researchers  view  plasma  sympathetically,  without  the  gas-abhorrence 
traditional  to  vacuum  electronics.  For  them,  a  vacuum  of  10(-6)  Torr  could  be  quite  sufficient. 
Furthermore,  the  basic  research  required  by  their  new  crop  of  HPM  source  concepts  mandated  the  ability 
to  readily  take  apart  and  reassemble  their  microwave  devices  in  order  to  continuously  make  adjustments 
and/or  replace  components  that  had  succumbed  to  the  omnipresent  intense  fields  and  beam.  In  short,  the 
HPM  community  worked  with  “gassy”  tubes  (by  the  standards  of  traditional  vacuum  electronics)  right 
from  the  start.  It  is  only  natural  that  this  field  gave  birth  to  the  Plasma  Microwave  Electronics  (PME) 
area  that  is  the  subject  of  this  paper. 

The  initial  motivation  for  injecting  plasma  background  fills  into  microwave  tubes  was  to  boost 
beam  current.  HPM  demands  high  power  electron  drive  beams.  Safety  considerations  limit  the  allowed 
beam  voltage,  thus  encouraging  higher  beam  currents.  Unfortunately,  space-charge  blow-up  restricts  the 
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11.  Conclusion 

It  is  the  tradition  that  Chinese  people  always  pay  much 
attention  to  education,  in  particular,  the  higher  education. 
There  is  an  old  proverb  in  China,  it  says,  To  plant  a  tree,  it 
takes  10  years,  but  to  plant  a  person,  it  requires  100  years. 
Education  has  been  existing  in  China  more  than  4000 
years.  To  further  improve  the  education,  my  idea  is:  keep 
our  own  feature  and  learn  from  outside — do  our  best  for 
-  the  international  exchange  and  cooperation. 

I  have  been  working  in  universities  more  than  40  years. 
My  experience  is  that  the  most  important  goal  of  university 
is  to  train  students  to  have  some  good  customs  rather  than 
to  teach  them  some  new  knowledge.  Having  a  good 
custom,  students  can  keep  up  study  through  their  life, 
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*'reby^°^a^™  <£*£  ia to 

electing  su^ 

Th.  ,  ^  refnI  Studl®s  have  found  other  benefits  to  be  reaped  from  plasmas  in  microwave  devices 
kfJ‘0Un.d  pl3S“a  has  been  shown  t0  provide  frequency  tunabilin-  to  a  microwave  source  Bv 
adjusting  the  plasma  density  (and/or  the  axial  magnetic  field  strength)  one  could  change  the  ooeratin* 

FnnL  1  7,Ce  y  l°%  °r  m°re  WhiIe  leavin=  1116 * 4  =eomelr}'  “d  e-beam  p'arameters  fixed" 

[_]  Furthermore,  the  frequency  upsmfting  realizable  in  such  devices  could  somewhat  relax  the 
engineering  costs  to  produce  higher  frequency  tubes.  relax  toe 

r,  f°Und  ^  f°r  CCftain  parameter  reSime^  a  plasma  fill  could  reduce  or  even  eliminate 

the  need  for  the  heavy,  expensive  axial  guide-field  magnets.  In  effect,  the  plasma  not  onlv  nested  the 
beam-electrons  electrostatic  self-repulsion,  but  also  allowed  their  beam  current  attractive  Sees  to 
dominate,  resulting  m  self-pinching  of  the  beam.  [3]  s 

Even  more  interesting  from  a  scientific  standpoint,  the  plasma  background  could  serve  as  an 
aenve  component  of  the  microwave  source.  The  dynamics  of  e-beam/plasma  interactions  result  in 
plasma  waves  that  participate  in  the  microwave  generation  process.  Given  the  correct  choice  of 
parameters  these  waves  could  replace  traditional  metal  slow-wave-structures.  The  richness  of  new 
instabilities  has  opened  the  door  to  entirely  new  device  concepts.  [4] 

fa,  •  ,rFuiaIly’ U  mUf  be  admitted  ^’one  could  accept  10(-6)  Torr  vacuums  in  microwave  tubes,  the 
fabrication  costs  would  be  dramatically  reduced. 

-  C°nvenlionaJ  vacuum  electronics  condemns  gas  (plasma)  fills  for  the  reasons  already  stated. 

h?  S  ^  y  *T“  t0  COnCCde  11131  CVCn  “  their  devices’  although  devoid  of 
2™"*  m°rc  relaxed  regarding  signal  purity,  plasma  can  be  an  enemy.  It  is  now  generally 
accepted  that  internal  plasmas  are  the  single  greatest  cause  for  the  “pulse  shortening”  phenomenon  that 

^3yS  P  >  *h“Hfield‘  m  la$ma, iD  “Wr°n§”  plaCK  Can  Sh0^-°ut  critical  «™cSm1  components 
“dc  dy  pbcate  the  Problem  of  microwave  extraction  from  an  HPM  device.  It  is  clear  that  the 
plasma  blessings  have  come  with  a  price. 

This  paper  seeks  to  avoid  the  emotional  prejudices  of  both  the  vacuum  electronics  and  HPM 

SS“8  10  PreT,  unCflXS  and  thC  C0StS  ofPlasma  niicrowave  electronics  from  a  strictly 
technical  perspective.  A  fact  that  emerges  is  that  both  communities  continue  to  benefit  from  the 
scientific  dialogue  that  has  emerged  from  this  debate 
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governments  give  budgets  to  universities  and  colleges 
affiliated  by  local  governments  each  year.  It  is  always  far 
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Abstract 

The  application  of  intense  electrical  pulses  to 
biological  cells  causes  changes  in  the  permeability  of  the 
cell  membranes.  This  effect,  electroporation,  is  the  basis 
of  numerous  medical  industrial  and  environmental 
applications.  The  development  of  nanosecond  and  even 
subnanosecond  high  power  pulse  generators  and  pulsed 
microwave  sources  promises  to  expand  this  range  of 
nonthermal  electric  field  -  cell  interactions  from  the 
cellular  to  the  molecular  level,  with  the  potential  for  novel 
medical  treatments.  A  research  field  which  is  mainly 
established  in  the  FSU  countries  and  in  China  deals  with 
lire  biological  effects  of  microwaves  and  millimeter  waves. 
Extended  scientific  studies  in  this  field  may  lead  to  novel 
therapeutic,  health  and  safety  applications.  A  second 
technological  area,  which  has  developed  rapidly,  is  the 
generation  of  nonthermal  atmospheric  pressure  plasmas, 
with  application  in  bacterial  and  chemical 
decontamination  In  order  to  provide  a  forum  for 
exchange  of  information  and  ideas  the  “First  International 
Symposium  on  Nonthermal  Medical/Biological 
Treatments  Using  Electromagnetic  Fields  and  Ionized 
Gases'*  was  held  in  April  of  1999  in  Norfolk,  VA.  The 
paper  provides  an  overview  of  the  state  of  these  emerging 
research  and  technology  fields  based  on  the  conference 
presentations,  and  conclusions  and  recommendations  for 
research  and  development,  developed  in  discussion 
groups  at  the  symposium. 


INTRODUCTION 

There  is  generally  a  negative  connotation  with  the  use 
of  electricity  on  biological  systems.  Electric  effects  on 
biological  cells  are  often  related  to  electric  shocks, 
electric  bums,  or  to  electrocution.  There  is  fear  that 
exposure  to  electromagnetic  fields  may  cause  cancer,  the 
opinion  that  electromagnetic  radiation  is  kind  of  a 
pollutant  Much  of  the  research  on  biological/medical 
effects  of  electricity  has  therefore  concentrated  on 
potential  hazards  of  electromagnetic  radiation,  on  a  better 
understanding  of  damage  mechanisms  and  remedies 
against  them  The  positive  effects  in  bioelectrics  have 
received  much  less  attention,  although  there  are 
spectacular  research  results.  In  the  medical  field,  electric 
fields  have  been  shown  to  accelerate  wound  healing,  they 
are  used  for  tiansdermal  drug  delivery,  in  gene  therapy, 
and  even  in  treatment  of  cancer.  There  are  indirect  effects 
of  electric  field/cell  interactions,  which  have  a  positive 


effect  on  our  well  being.  Pulsed  electric  fields  have  been 
shown  to  be  useful  in  bacterial  decontamination,  an  effect 
used  for  example  to  make  our  food  and  drinking  water 
safer.  Electric  field  techniques  promise  to  be  useful  in 
bacterial  decontamination  of  air,  an  important  research 
area  considering  the  threat  of  biological  w  arfare. 

In  all  these  positive  effects  of  electric  field-cell 
interaction  are  nonthermal  that  means  that  heating  of  cell 
suspensions  or  tissues  can  be  neglected.  The  reason  is  that 
for  many  of  these  applications  the  electric  fields  are  either 
very  small  or  the  duration  for  which  the  electric  field  is 
applied  is  too  short  to  cause  heating.  The  latter  is  the  case 
in  the  applications  listed  above.  The  spectacular  results  in 
these  nonthermal  techniques  have  been  achieved  with  a 
technology  which  is  based  to  a  large  extend  on  pulse 
power  technology  of  the  sixties  and  seventies.  More 
recent  advances  in  the  generation  of  ultrashort  electrical 
power  pulses  (pulse  power  technology),  allow  us  now  to 
extend  the  field  of  bioelectrics  into  a  range  where 
promising  new  effects  of  field-cell  interaction  can  be 
expected.  By  reducing  the  pulse  duration  into  the 
nanosecond  or  even  shorter  regime,  the  external  electric 
fields  in  the  ceil  become  comparable  and  even  exceed  the 
internal  electric  fields,  allowing  us  to  affect  processes  in 
the  cell  interior  without  heating  the  cell 

The  effect  of  ionized  gases  on  biological  cells,  in 
physics  terminology,  “plasmas”,  was  the  second  topic  in 
the  symposium.  In  nature  they  appear  as  lightning,  in  the 
laboratories  and  manufacturing  plants  as  arcs  and  sparks. 
These  “conventional  plasmas”  are  violently  destructive 
when  applied  to  biological  cells.  Researchers  have  in  the 
past  years,  however,  developed  “cold”  high  pressure 
plasmas,  plasmas  with  gas  temperatures  close  to  room 
temperature.  When  applied  to  surfaces  and  gas  volumes 
for  seconds  or  minutes,  they  kill  bacteria,  and  offer  a 
chance  to  be  used  as  sterilizing  agents  much  simpler  than 
conventional  methods  and  without  harming  the 
environment 

In  order  to  provide  a  forum  for  the  exchange  of 
information  and  ideas  in  these  emerging  research  and 
technology  fields  the  “First  International  Symposium  on 
Nonthermal  Medical/Biological  Treatments  Using 
electromagnetic  Fields  and  Ionized  Gases”  has  been  held 
on  April  12  -  14.  in  Norfolk.  VA.  The  symposium  was 
sponsored  by  the  U.S.  Air  Force  Office  of  Scientific 
Research,  the  National  Science  Foundation,  the  IEEE 
Nuclear  and  Plasma  Sciences  Society.  the 
Biolectromagnetics  Society.  Old  Dominion  University, 
the  College  of  William  and  Mary,  and  the  Eastern 
Virginia  Medical  School.  One  hundred  and  thirty  five 
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scientists  from  12  countries  were  attending.  Eighteen 
Invited  Talks  were  given  covering  a  range  from  basic 
microbiology  to  pulse  power  technology.  Approximately 
60  contributed  papers  were  presented  in  a  poster  session. 
The  last  day  of  the  symposium  was  devoted  to  discussion 
on  the  status  of  the  research  field  and  strategies  to  expand 
it.  The  meeting  was  concluded  with  presentations  on 
funding  opportunities  and  application  procedures. 
Presenters  were  P.  Dunne  for  U  S.  Army  RD&E.  R.  Ellis 
for  USDA.  L.  Goldberg  for  NSF,  E.  Postow  for  NIH.  D. 
Quass  for  EPRI.  and  G.  Roy  for  ONR.  Tire  session  was 
chaired  by  R.  Barker  (AFOSR). 


STATUS  OF  RESEARCH  AND 
DEVELOPMENT 


Tire  interaction  of  electromagnetic  fields  with 
biological  cells  Iras  been  a  topic  of  many  studies  since 
Galvani.  at  the  end  of  the  18th  century,  explored  the 
muscular  contraction  of  frog  legs  under  the  influence  of 
electric  fields.  With  the  expansion  on  the  amplitude  and 
frequency  range  of  electromagnetic  fields,  which  are  now 
accessible  and  controllable  by  us.  the  possible  dangers 
and  opportunities  have  multiplied.  There  are  several 
professional  societies  devoted  to  this  topic,  the  most 
important  one  being  the  Bioelectromagnetics  Society. 

Although  the  topic  of  the  symposium  covers  only  a 
small  pan  of  bioelectromagnetic  effects  and  treatments, 
only  such  that  are  based  on  nonthermal  processes,  there  is 
still  a  large  spectrum  of  research  directions  in  this  area.  In 
order  to  introduce  the  audience,  which  consisted  of 
engineers,  physicists,  biologists  and  clinicians,  to  these 
research  areas  we  had  invited  prominent  scientists  to  give 
tutorials  and  reviews  on  the  important  research  areas  in 
nonthermal  treatments  and  on  supporting  pulse  power  and 
microwave  technology.  The  sessions  began  with  a  historic 
overview  and  an  introduction  into  fundamental  concepts, 
presented  by  C.  Polk.  University  of  Rhode  Island. 
Particularly  emphasis  was  given  to  the  definition  of 
nonthermal  processes  at  high  electric  fields,  the  topic  of 
this  conference.  A  classic,  nonthermal  medical  application 
of  pulsed  electric  field  effects  is  the  treatment  of 
ventricular  fibrillation  by  means  of  strong  electrical 
shocks.  A  report  on  the  latest  research  on  ventricular 
fibrillation  and  defibrillation  was  presented  by  J.  Leon. 
University  of  Montreal. 


One  of  the  most  important  nonthermal  processes  in 
bioelectrics  is  electroporation,  the  reversible  or 
irreversible  clianges  in  the  permeability  of  cell 
membranes  due  to  the  application  of  high  electric  fields. 
Basic  principles  of  this  effect  were  discussed  by  J. 
Weaver.  MIT/Harvard.  with  applications  given.  The 
speaker  concentrated  particularly  on  the  use  of  this  effect 


for  transderma!  drug  delivery.  This  topic  was  expanded  by 
U.  Zimmermann.  University'  of  Wuerzburg.  Germany. 
who  discussed  the  application  of  electroporation  and 
electrofusion  as  a  means  to  generate  antibodies  tor  Are 
treatment  of  certain  types  oT  cancer7  G  Hofinara^. 
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Genetronics  Inc,  carried  this  topic  into  an  pypn  mote 
applied  area,  the  therapeutic  ikp  nf  eiprtrnpnr^tinn  for 
transderma!  delivery  of  large  molecules,  for  gene  therapy. 
electroporauon  mediated"  therapy  of  gancet. 
electrQpgration  generated  delivery  of  drags  and 
through  vesiel  walls  for  treatmeniJ^-cardmv^cuhi- 
diseases.  Following  this  presentation.  W.R.  Panjc.  Rush- 
Presbyterian-St.  Luke’s  Medical  Center.  Chicago, 
reported  about  clinical  trials  using  electroporation 
mediated  therapy  on  head  and  neck  cancer,  and  concluded 
that  this  method  offers  promising  possibilities  in  the 
treatment  of  these  cancers.  Whereas  controlled 
electroporation,  the  topic  of  these  review  talks  has  its 
place  in  therapeutic  applications,  uncontrolled 
electroporation  was  found  to  be  the  important  mechanism 
in  electric  force  injury,  rather  than  thermal  (bum) 
mechanisms.  Research  results  on  electric  tissue  injuries 
and  consequences  for  their  treatment  were  discussed  by  R. 
Lee.  University  of  Chicago. 

Theoretical  considerations  to  tire  coupling  of  electric 
fields  to  cells  were  presented  by  K.  Foster.  University  of 
Pennsylvania.  His  talk  was  particularly  devoted  to  the 
effect  of  electrical  pulses  with  high  frequency  content 
(ultrawideband  pulses)  on  cell  membranes  and  cell  nuclei. 
Experimental  results  with  short  high  intensity  electric 
field  pulses  on  multicellular  organisms  and  cells  in  vitro 
were  presented  by  K.  Schoenbach.  Old  Dominion 
University.  Results  of  laboratory  and  field  experiments 
with  microsecond  pulses  for  biofouling  prevention  were 
presented,  and  the  potential  of  electric  field  interaction 
with  cell  nuclei  for  pulses  in  the  submicrosecond  range 
was  discussed.  Another  application  of  high  electric  fields 
is  the  so-called  Pulsed  Electric  Field  (PEF)  method,  where 
high  electric  fields  applied  to  liquid  food  serves  to 
decontaminate  the  food.  A  report  on  the  status  of  this 
rather  mature  technology,  where  industrial  interest  and 
support  is  in  place,  was  given  by  P.  Dunne.  US  Armv 
Natick  R&D  Center. 


Electrical  field  interaction  with  DNA.  through 
coupling  of  the  field  to  electron  and  ion  transfer  reactions, 
was  discussed  by  M.  Blank,  Columbia  University.  He 
based  most  of  tire  discussions  on  this  effect  on  the  stress 
protein  inducing  effect  of  low  frequency  magnetic  fields. 
Many  other  low  intensity,  electric  arid  magnetic  field 
effects  are  not  as  well  studied  as  the  effect  described  bv  M. 
Blank,  however  are  already  widely  used  in  therapeutic 
applications.  Millimeter  wave  therapy  e.g.  is  widely 
considered  as  therapeutic  modality,  particularly  in  the 
former  Soviet  Union.  A  review  on  the  treatments  based  on 
low  intensity  millimeter  wave  irradiation  was  given  by  A. 
Pakhomov.  Brooks  AFB.  Although  seemingly  effective, 
millimeter  wave  therapy  is  not  well  understood,  and  the 
research  in  field  suffers  from  lack  of  reliable  studies.  The 
effect  of  intense  pulses  of  microwave  radiation  on  bacteria. 


spores  and  mammalian  cells  was  the  topic  of  a 
presentation  by  J.  Kiel  AFRL.  Brooks  AFB.  Pulsed 
microwave  radiation  in  the  1.25  to  9.35  GHz  range  was 
found  to  affect  the  growth  of  bacteria  in  the  presence  of 
certain  chemicals.  Preliminary  results  suggest  that  pulsed 


microwave  radiation  could  be  directed  toward 
pathological  targets  and  organs  while  sparing  normal 
tissue. 

The  presentations  on  electric  (and  magnetic)  field 
effects  on  biological  cells  were  complemented  by  two 
tutorial  talks  on  the  state  of  pulse  power  devices  and  high 
power  microwave  and  millimeter-wave  sources  for 
possible  applications  in  medical/biological  research.  The 
first  topic,  on  pulsed  electric  power  systems,  was 
presented  by  M.  Kristiansen.  Texas  Tech  University.  He 
concentrated  on  nanosecond  and  subnanosecond,  pulse 
generators,  where  research  institutes  in  Russia  seem  to 
have  a  leading  role  in  expanding  the  source  parameters  to 
ever-shorter  pulses  and  higher  power.  The  status  of  high 
power  microwave  and  millimeter  wave  sources  and  the 
role  of  pulse  power  technolog}'  in  the  development  of 
high  intensity  generators  were  presented  by  E. 
Schamiloglu.  University  of  New  Mexico.  Again,  as  in 
pulse  power  in  general,  most  of  dramatic  increases  in 
power  are  relatively  recent.  Only  in  the  1970s  pulse 
power  technology  begin  to  emerge  as  an  independent 
research  field. 

Whereas  electrical  interaction  with  biological  cells 
has  a  long  history,  the  use  of  nonthermal  plasmas  in 
atmospheric  pressure  air  for  medical/biological 
applications  lias  been  only  recently  recognized.  An 
introduction  into  the  physics  of  nonthermal  plasmas,  and 
the  various  types  of  atmospheric  pressure  plasmas  and 
their  features  was  given  by  E.  Kunhardt  Stevens  Institute 
of  Technology.  It  was  followed  by  a  talk  by  T.  C.  Montie. 
University  of  Tennessee,  on  the  application  of  a  special 
type  of  atmospheric  pressure  plasma,  a  radio  frequency 
driven  glow'  discharge,  for  sterilization  of  surfaces  and 
materials.  Similar  discharges,  barrier  discharges,  have 
also  been  used  for  sterilization.  The  presentation  on 
results  of  this  discharge  type  was  given  by  J.  Birmingham, 
MesoSy stems  Technology.  Inc..  For  both  types  of 
plasmas  the  sterilization  rate  was  reported  as  faster  than 
by  heat  alone.  The  session  was  concluded  by  a  talk  of  P. 
Netzer.  National  Naval  Medical  Center,  on  the  need  of 
new  sterilization  processes  in  healthcare,  and  the  role  of 
plasma  methods  in  such  an  environment 

Contributed  papers  were  presented  in  a  poster  session. 
The  76  accepted  poster  papers  were  placed  into  seven 
categories: 

Basic  Phenomena  (15  contributions); 

Pulsed  Electric  Fields  (1 1  contributions); 

Microwaves  (5  contributions); 

Ultraviolet  Radiation  (3  contributions); 

Electron  and  Ion  Beams  (7  contributions); 

Ionized  Gases  (16  contributions),  and 

Advanced  Pulsed  Power  and  Plasma  Generators  (19 
contributions). 

The  largest  research  and  development  area 
represented  in  the  poster  session  was  bacterial 
decontamination,  using  pulsed  electric  fields,  UV 
radiation,  and  nonthermal  plasmas:  the  second  largest  area 
dealt  with  basic  studies  and  medical  applications  of 
pulsed  electric  fields.  The  relatively  large  number  of 


papers  on  pulsed  field  generators,  mainly  presented  by 
scientists  from  the  former  Soviet  Union,  provided  the 
audience  with  a  good  overview  of  leading  edge  pulse 
power  systems. 

Abstracts  of  invited  and  contributed  papers  have  been 
published  in  Proceedings  of  this  Symposium. 


CONCLUSIONS  AND 
RECOMMENDATIONS 

Following  the  presentations,  the  status  of  research 
and  development  of  nonthermal  medical/biological 
treatments  was  discussed  in  four  discussion  sessions. 
Discussions  concentrated  on  the  following  topics 

1.  Pulsed  Electric  Field  Effects:  Basic  Research  and 
Applications 

2.  Microwave  and  Millimeter  Waves  Interaction  with 
Biological  Cells 

3.  Medical  Applications  of  Pulsed  and  cw  Electric  Field 
Technology 

4.  Ionized  Gases  for  Biological  Decontamination 

The  discussion  sessions  were  chaired  by  J.  Dunn 
(ALP,  Chicago),  J.  Kiel  (Brooks  AFB).  R.  Lee 
(University  of  Chicago),  and  I.  Alexeff  (University  of 
Tennessee). 

A.  Pulsed  Electric  Field  Effects:  Basic  Research 
and  Applications  ( J .  Dunn) 

The  effect  of  pulsed  electric  fields  on  biological  cells 
depends  on  pulse  duration,  pulse  shape,  and  amplitude. 
Three  pulse  domains  were  identified,  dependent  on  major 
applications  and/or  physical  mechanisms: 

1.  "Traditional  Electroporation”  : 

Ten's  to  hundred's  of  microsecond  duration, 
several  kV/cm  electric  fields 

2.  "Traditional”  Biological  Decontamination 
Less  than  10  microsecond  duration,  greater  16 
kV/cm  electric  fields 

3.  "Cell  Modifications”  Targets:  cell  substructures, 
molecules/bonds 

Submicrosecond  (nanosecond.  picosecond) 
duration;  time  domain  is  accessible  with  modem 
pulse  power  technology,  however  field-cell 
interaction  mechanisms  are  not  explored 
The  mechanism,  which  leads  to  cell  death  through 
electric  field  application,  is  not  well  understood.  Although 
it  is  accepted  that  in  the  "traditional  debacterialization” 
range  poration  of  the  outer  membrane,  is  the  ultimate 
mechanism,  the  pore  formation  process  itself  is 
controversial.  An  approach  which  considers  cells  as 
perturbations  in  homogeneous  fluid  was  presented  by  J. 
Dunn.  It  was  hypothesized  that  electrical  double  layers  at 
the  cell  surface  cause  localized  heating  of  the  cell 
membrane,  and  consequent  membrane  breakdown. 
Independent  on  the  breakdown  mechanism  it  was  agreed 
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that  for  “traditional  biological  decontamination”, 
particularly  in  the  electric  field  range  of  less  than  30 
kV/cm.  at  pulse  duration  of  less  than  2.5  microseconds, 
electrochemical  effects  can  be  neglected. 

One  of  the  more  mature  applications  of  PEF 
technique  is  bacterial  decontamination  of  food,  although 
there  is  still  much  room  for  better  engineering  of  systems. 
Electrical  requirements  in  food  treatment  depend  on  the 
t>pe  of  the  food.  For  low  acid  food,  e.g.,  with  a  pH  value 
of  greater  than  4.5.  the  conditions  for  the  electrical  pulses 
are  more  stringent  than  for  food  of  high  acidity  (pH  < 
4.5).  where  spores  are  absent  The  dominant  problem  in 
food  preservation  using  PEF  is  the  high  energy 
requirement  100  -  400  J/ml.  Improving  this  efficiency 
requires  either  to  consider  combination  processing 
(thermal  +  PEF)  or  to  search  for  electric  field  processes 
which  are  based  on  a  mechanisms  different  from 
electroporation,  such  as  subcellular  processes  or  resonant 
molecular  processes. 

Collaboration  among  scientists  in  engineering 
biology  and  medicine  is  a  key  in  successful  research  and 
development  of  PEF  bacterial  decontamination  methods. 
This  becomes  obvious,  when  the  results  of  pulsed  electric 
field  experiments  on  gram-positive  and  gram-negative 
bacteria,  and  on  spores,  are  considered.  In  order  to 
develop  PEF  systems  for  bacterial  decontamination, 
engineers  need  to  communicate  more  with  biologists  and 
physicians. 


B.  Microwave  and  Millimeter-Wave  Effects  (J. 
Kiel) 

Methods  using  extremely  short  electromagnetic 
pulses  and  pulsed  microwave  are  related.  One  of  the  main 
differences,  which  is  purely  technical,  is  seen  in  the 
coupling  mechanism:  direct  coupling  through  electrodes 
inserted  in  tissue  or  suspensions,  for  high  electric  field 
pulses,  and  remote  coupling,  for  microwave  and 
millimeter  wave  interaction.  Medical  effects  of 
microwaves  and  millimeter  waves  include  post-operative 
septic  wound  healing,  pain  relief  treatment  of 
hypertension,  and  promoting  the  recovery  after  heart 
attacks.  Hypothermia  for  cancer  treatment  is  another, 
howev  er  thermal,  application  of  high  power  microwaves 
therapy.  Jt  reduces  the  risk  for  collateral  (cardiovascular) 
damage  compared  to  surgery  and  radiation  treatment 
Other  biological  effects  of  major  interest  are  bacterial 
decontamination. 

Strong  fundamental  research  on  medical  and 
biological  treatments  exists  in  Russia  and  other  FSU 
countries,  and  in  China.  Particularly,  the  FSU  have 
developed  a  large  spectrum  of  marketable  sources  for 
these  applications.  Custom  made  high  power  devices  in 
the  US  range  from  200  k$  to  one  million  S.  The  high  cost 
might  be  one  of  the  reasons  that  research  and 
development  in  the  USA  has  more  focused  on  large  scale 
environmental  (clean  up  of  hazardous  material)  and 


industrial  use  (material  processing,  such  as  sintering  of 
ceramics)  by  high  power  micro-  and  millimeter-wave 
sources.  In  medical  research,  however,  the  emphasis  in 
the  USA  has  concentrated  more  on  the  potential  negative 
effects  of  micro  and  millimeter  waves.  An  example  is  the 
ongoing  discussion  on  the  health  and  safety  issues  in 
wireless  communication. 

Recent  developments  in  millimeter  wave  technology' 
liave  provided  researchers  with  new'  opportunities  for 
work  in  this  field.  Proper  scientific  studies  have  the 
potential  of  uncovering  significant  benefits  for  all 
mankind.  Therapeutic,  health  and  safety  applications 
appear  to  be  feasible  and  within  our  reach.  Preliminary 
reports  from  efforts  in  China  Russia  and  several  other 
countries  liave  already  produced  encouraging  results. 
Despite  leading  in  the  technological  development  of 
sources,  the  US  is  lagging  behind  many  parts  of  the  world 
in  the  understanding  of  the  interaction  of  biological 
systems  and  microwaves.  This  lack  of  understanding  is 
resulting  in  the  potential  loss  of  medical  therapies  (such  as 
enhanced  septic  wound  treating)  as  well  as  new'  potential 
heal tli  and  safety'  issues  for  personal  working  with  intense 
electromagnetic  fields. 


C.  Medical  Applications  (R  Lee) 

Medical  applications  in  therapy  and  diagnostics  were 
discussed  with  respect  to  the  coupling  modes  of  electric 
fields  with  biological  systems. 

1.  Cellular  Coupling  is  achieved  by  using  relatively 
long  pulses  (>  1  ms).  Applications  include: 

Electrochemotherapy  or  Electroporation  Therapy 
Eiectro-Transdermal  Delivery 
Rhythm  Disorders  (defibrillation) 

Cellular  coupling  (electroporation)  is  also  related  to 
electrical  injury. 

Corresponding  to  long  pulses  are  low-frequency 
electric  (and  magnetic)  fields. 

Applications  of  low'  frequency*,  cw  fields  are; 

Tissue  ablation 
Electrical  Injury  (therapy) 

Electrical  Stimulation 

2.  Molecular  Coupling  is  considered  to  be  the 
dominant  mechanism  when  short  pulses  (10^  to  10q  s)  are 
applied.  Potential  applications  of  such  nonthermal 
methods  are  treatment  of  birth  defects  and  cancer,  through 
triggering  of  apoptosis. 

cw  treatments,  using  radiofrequency,  microwave  and 
optical  radiation  are  thermal  methods  which  liave 
applications  in: 

Musculoskeletal  Heating 
Hypothermia:  Treatment  of  Cancer 
Treatment  of  Bums 

3  Atomic  Coupling  occurs  for  uitrashort  pulses 
(e.g.  in  photolysis),  and  in  the  case  of  ionizing 
radiation,  used  in  cancer  therapy. 

Diagnostic  applications  are  cell  sensing : 
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Tissue  damage  and  tumor  detection  by  means  of 

impedance  spectroscopy. 

Cancer  cell  and  viral  particulates  by  dielectrophoresis, 
and  molecular  sensing , 

used  in  tumor  detection  and  localization  by  means  of 

conformal  radiofrequency  imaging. 

D.  Ionized  Gases  for  Biological 
Decontamination  (I.  Alexejf) 

The  use  of  ionized  gases  has  been  demonstrated  as 
being  very-  effective  for  biological  decontamination.  A 
major  US  company  has  already  a  commercial  product  on 
sale.  An  in-depth  analysis  of  promising  decontamination 
technologies  sponsored  by  the  U.S.  Army’s  Edgewood 
Chem-Bio  Center  concluded  that  plasmas  have  great 
potential  particularly  in  the  areas  of  sensitive  equipment 
and  vehicle/shelter  decontamination,  but  that  significant 
development  will  be  required  before  this  potential  can  be 
realized. 

As  major  applications  for  plasma  decontamination 
three  areas  were  identified: 

a)  bacterial  decontamination  in  bacterial  warfare, 

b)  sterilization  of  food,  and 

c)  sterilization  of  medical  instruments  in  hospitals. 

The  development  of  appropriate  diagnostics  for 
nonthermal  high-pressure  air  plasmas  was  considered  as 
most  important  As  an  example,  there  is  still  controversy 
on  the  role  of  atomic  oxygen  in  the  discharge  with  respect 
to  decontamination.  Whereas  some  claim  that  atomic 
oxygen  in  the  high-pressure  glow  is  extremely  effective  in 
biological  contamination,  others  state  that  atomic  oxygen 
disappears  in  microseconds,  and  so  is  of  no  effect 
whatsoever.  However,  everybody  seemed  to  agree  that 
identifying  the  killing  mechanisms  for  bacteria,  spores, 
and  viruses  is  of  very  high  priority.  It  is  not  yet  clear  what 
the  most  active  killing  species  (ions,  radicals,  active 
molecules,  or  UV  light)  is. 

The  question  of  research  funding  was  discussed. 
Research  on  these  nonthermal  plasmas  is  both  basic  and 
applied,  also,  since  the  interdisciplinary  nature  of  the 
research  requires  teams  of  scientists,  rather  than  single 
investigators,  relatively  large  grant  are  needed.  Due  to  the 
new  and  unique  requirements  for  this  area  of  research, 
there  was  no  clear  picture  where  to  obtain  funds.  It  was 
therefore  recommended  to  set  up  a  task  force  to  develop 
funding. 


SUMMARY 

The  consensus  of  the  participants  was  that  the 
research  field  offered  exciting  possibilities  to  expand 
available  technologies  into  new  areas  of  research,  and 
consequently  has  a  strong  potential  for  breakthrough 
results.  The  research  discussed  at  the  meeting  carries  the 
promise  of  commercial  and  medical  applications.  It  is  a 
research  field  1 6  which  the  general  public  can  easily  relate. 
This  was  demonstrated  by  strong  newspaper  and 
television  coverage.  It  seems  also  to  have  the  support  of 
our  legislators.  In  the  introductory  address  at  the 
symposium,  the  Honorable  O.  Picket,  ranking  member  in 
the  House  Subcommittee  on  military  research  promised 
his  support  for  increased  research  spending.  Members  of 
the  Virginia  legislature  voiced  similar  support 

The  question  of  funding  was  addressed  in  the  final 
session,  where  representatives  of  funding  agencies  talked 
about  opportunities  and  procedures,  but  it  was  also 
brought  up  in  any  of  the  discussion  sessions.  Financial 
research  support  seems  to  be  sporadic  and  limited.  There 
is  no  interagency  research  program,  something,  which 
would  be  strongly  benefit  this  interdisciplinary  research. 
The  lack  of  support  is  rather  surprising  considering  the 
importance  this  research  field  is  given  in  other  countries, 
the  spectacular  results  in  clinical  applications,  and  its 
commercial  potential. 

To  explore  the  full  potential  of  nonthermal  treatments 
using  electromagnetic  fields  and  ionized  gases,  the  topic 
of  our  symposium,  the  interaction  and  the  cooperation  of 
engineers  and  physicists  on  one  side  and  biologists  and 
clinicians  on  the  other  side  is  needed.  The  symposium 
seems  to  have  served  as  a  catalyst  to  stimulate  discussions 
between  scientists  with  various  backgrounds  but  the  same 
interest  It  is  hoped  that  these  conversations  lead  to 
collaborations.  The  response  from  the  participants  was 
overwhelmingly  positive,  and  the  need  for  an  ongoing 
conference  was  voiced.  The  program  committee  decided 
to  hold  the  “Second  International  Symposium  on 
Nonthermal  Medical/Biological  Treatments  Using 
Electromagnetic  Fields  and  Ionized  Gases”  again  in 
Norfolk.  VA,  in  spring  of  2001.  with  S.  Beebe.  Eastern 
Virginia  Medical  School,  as  chair.  A  Special  Issue  of  the 
IEEE  Transactions  on  Plasma  Science  with  over  forty 
contributions  on  the  topic  of  the  symposium  will  appear  in 
February'  2.000. 
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0)pc  and  is  the  plasma  frequency  and  the  effective  collision  frequency,  respectively. 
Then,  we  can  calculate  the  Q  factor  of  the  cavity: 
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Actually,  knowing  PT  ,  we  can  also  calculate  the 
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Then,  we  can  calculate  the  Q  factor  of  the  cavity: 

-  w 

Q  =  co  oy 

ri 

w  =  wv  +wp 

PL  =p*  +Pf 

we  can  also  calculate  the  attenuation  constant  of  the  wave  propagation:  ej<a~jk^~ee . 

IP 

where  P  is  the  propagating  power:  P  =  Px  +  P2. 

Px  =  -^*(£x  H’)ds  =  —  (Ex  H')rdrd<p 


P2=]r[dx£dy(ExH‘) 


Px  and  P2  is  the  propagating  power  in  the  vacuum  area  and  in  the  plasma  column,  respectively. 
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Substituting  eq.(3 1  >(34)  and  (16),  (17)  and  (20)  into  eq.(30),  the  attenuation  constant  a  can  be  obtained. 

Therefore,  we  obtained  all  formulas  that  we  need  for  calculating  and  design  the  resonant  cavity  for 
microwave  excited  excimer  laser. 

III.  Discussion  and  analysis 

To  simply  our  formulas  obtained  in  previous  section:  let  D2  =  0 ,  we  get  from  eq.(l  6): 


Theory  of  Resonant  Cavity  for  Microwave  Excited  Excimer  Laser 

(Draft) 

Abstract:  Theory  of  Resonant  cavity  for  Microwave  Excited  Excimer  Lasers  presented  in  the 
paper.  The  cavity  is  a  set  of  Rectangular  waveguide  with  a  cylindrical  plasma  column  on  the 
center.  The  formulas  of  the  resonant  spectrum,  the  stored  energy,  the  lose  on  the  wall  and  due 
to  the  collision  on  the  plasma  and  the  Q  factor  of  the  cavity  have  been  worked  out. 


A  most  convenient  and  useful  structure  of  the  Microwave  plasma  Excited  excimer  laser  is  a 
Rectangular  Waveguide  cavity  with  a  cylindrical  plasma  column  in  the  center,  as  shown  in  Fig.  1 . 

It  seems  that  there  is  no  theoretical  study  for  this  kind  of  resonant  cavity  appeared  in  the  published  papers. 
It  makes  inconvenient  for  study  and  design  this  kind  of  Excimer  Laser.  Based  on  the  paper  of  “Theory  of 
microwave  rectangular  waveguide  for  microwave  plasma  excited  excimer  laser”,  the  theory  of  this  kind  of 
cavity  have  been  worked  out.  The  formulas  of  the  resonant  spectrum,  the  stored  energy,  the  loses  on  the 
cavity  wall  and  in  the  plasma  column  due  to  the  collision  have  been  obtained.  These  formulas  provide  the 
basic  theory  for  computer  calculations  and  the  basis  of  the  understanding  and  the  design  of  this  kind  of 
microwave  plasma  excited  excimer  laser. 

The  paper  is  organized  as  follow:  section  1  is  the  introduction.  Theory  of  the  cavity  is  given  in  section 
II.  Discussion  and  analysis  are  given  in  section  III.  Section  IV  deals  with  computer  calculations  (to  be 
carried  on),  and  section  V  is  the  conclusion. 


IL  Theory  of  Resonant  Cavity  of  a  Rectangular  waveguide  with  a  Cylindrical  Plasma  Column  in  the 
Center  of  the  Waveguide 

Based  on  the  theory  given  in  the  paper  “Theory  of  waveguide  system  for  microwave  plasma  excited 
excimer  laser"  making  use  of  the  boundary  conditions: 

z  =  0,  z  =  L 

£,=£,=0;  £,  =0  (1) 

The  field  components  outside  and  inside  of  the  plasma  can  be  obtained:  outside  the  plasma,  we  have: 
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Hx  =  jiteo(—)  sin(-^^  x)  cos(— •  y)  cos(k.  z) 
b  a  b 

Hv  =  -jx(a(^^)cos{^-x)sm^—-y)cos{k.z) 
a  a  b 

H;=  0  . 

for  TM  mode. 

Inside  the  plasma  column: 
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encourage  themselves  constantly  and  gain  new  knowledge 
by  themselves,  while  any  new  knowledge  may  out  of  date 
sooner  or  later,  as  science  and  technology  are  developing 
so  rapidly. 

To  conclude  my  talk,  I  would  say  that  education  is  a 
lifelong  issue. 
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The  TE  modes  can  be  studied  by  using  the  same  approach. 

Thus,  the  resonance  frequency  can  be  found  by: 

sin£.Z  =  0  (11) 

If  gives: 
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L 

where  k:  should  be  found  by  using  the  dispersion  equation  given  in  eq.  (21)  (or  in  eq.(l),  in  complement) 
of  the  paper  [1]. 

Now  we  can  calculate  the  stored  energy. 

WT=Wv+Wp  (13) 

where  Wy  and  W p  is  the  stored  energy  in  the  vacuum  space  and  in  the  plasma  column,  respectively. 
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Substituting  eq.  (4)-(7)  and  (8H10)  into  eq.  (14)  and  (15),  we  can  obtain: 
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where: 


Sp  =  e\  ;  Pp  =  Ppu,-s> ;  u2  *  (18) 

The  loss  also  consists  of  two  parts:  the  loss  on  the  cavity  wall  and  the  loss  in  the  plasma  column.  The  loss 
on  the  wall  can  be  obtained  by: 

pL=a±§Ht\ds  TO 

and  the  loss  in  the  plasma  column  due  to  the  collision  can  be  found  by: 
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In  eq.(17)  and  (20),  we  are  use: 


(21) 


Theory  of  Resonant  Cavity  for  Microwave  Excited  Excimer  Laser 
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Abstract:  Theory  of  Resonant  cavity  for  Microwave  Excited  Excimer  Lasers  presented  in  the 
paper.  The  cavity  is  a  set  of  Rectangular  waveguide  with  a  cylindrical  plasma  column  on  the 
center.  The  formulas  of  the  resonant  spectrum,  the  stored  energy,  the  lose  on  the  wall  and  due 
to  the  collision  on  the  plasma  and  the  Q  factor  of  the  cavity  have  been  worked  out. 


I.  Introduction 


A  most  convenient  and  useful  structure  of  the  Microwave  plasma  Excited  excimer  laser  is  a 
Rectangular  Waveguide  cavity  with  a  cylindrical  plasma  column  in  the  center,  as  shown  in  Fig.  1 . 

It  seems  that  there  is  no  theoretical  study  for  this  kind  of  resonant  cavity  appeared  in  the  published  papers. 
It  makes  inconvenient  for  study  and  design  this  kind  of  Excimer  Laser.  Based  on  the  paper  of  “Theory  of 
microwave  rectangular  waveguide  for  microwave  plasma  excited  excimer  laser”,  the  theory  of  this  kind  of 
cavity  have  been  worked  out.  The  formulas  of  the  resonant  spectrum,  the  stored  energy,  the  loses  on  the 
cavity  wall  and  in  the  plasma  column  due  to  the  collision  have  been  obtained.  These  formulas  provide  the 
basic  theory  for  computer  calculations  and  the  basis  of  the  understanding  and  the  design  of  this  kind  of 
microwave  plasma  excited  excimer  laser. 

The  paper  is  organized  as  follow:  section  I  is  the  introduction.  Theory  of  the  cavity  is  given  in  section 
II.  Discussion  and  analysis  are  given  in  section  III.  Section  IV  deals  with  computer  calculations  (to  be 
carried  on),  and  section  V  is  the  conclusion. 


IL  Theory  of  Resonant  Cavity  of  a  Rectangular  waveguide  with  a  Cylindrical  Plasma  Column  in  the 
Center  of  the  Waveguide 

Based  on  the  theory  given  in  the  paper  “Theory  of  waveguide  system  for  microwave  plasma  excited 
excimer  laser”  making  use  of  the  boundary  conditions: 

2  =  0,  z  =  L 

Ex  -  Ey  =  0;  Er=  0  (1) 

The  field  components  outside  and  inside  of  the  plasma  can  be  obtained:  outside  the  plasma,  we  have: 
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for  TM  mode. 
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It  is  the  formula  for  vacuum  rectangular  cavity.  We  can  also  get  the  other  formulas  for  vacuum  case. 


IV.  Computer  calculations:  (to  be  carried  on) 

V.  Conclusion 

Based  on  the  theory  given  in  paper[l],  all  formulas  for  calculating  the  parameters  and  design  of  the 
resonant  cavity  of  a  rectangular  waveguide  cavity  with  a  cylindrical  plasma  column  for  the  microwave 
plasma  excited  excimer  laser  have  been  obtained  in  the  paper.  These  formulations  are  very  valuable  and 
useful. 

It  is  a  draft,  all  formulas  should  be  checked  carefully,  and  will  be  done  later. 
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d>pc  and  vcJf  is  the  plasma  frequency  and  the  effective  collision  frequency,  respectively. 
Then,  we  can  calculate  the  Q  factor  of  the  cavity: 
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Actually,  knowing  PT ,  we  can  also  calculate  the 
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Then,  we  can  calculate  the  Q  factor  of  the  cavity: 


Q  =  °> OT  (27) 

rL 

W  =  W"+WP  (28) 

PL=P?+PCP  (29) 

we  can  also  calculate  the  attenuation  constant  of  the  wave  propagation:  eJ<a~Jk::~<c . 

PL 

a=Tp  <30) 

where  P  is  the  propagating  power:  P  =  Px+  P2. 
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Pt  and  P2  is  the  propagating  power  in  the  vacuum  area  and  in  the  plasma  column,  respectively. 
P2  -  flf>  k:a  ((m;r)2  |  (W2r)2  k-°i  (PpR°^ 


X[*A  (PpP o)  ^dP pPo)^2^P pPo)]) 


P,=n 


k.a  (PPR 0)2  nrr2 


D2[J]\ppR0)-J0{pPRo)J2(PpRo)] 


Substituting  eq.(31)-(34)  and  (16),  (17)  and  (20)  into  eq.(30),  the  attenuation  constant  a  can  be  obtained. 

Therefore,  we  obtained  all  formulas  that  we  need  for  calculating  and  design  the  resonant  cavity  for 
microwave  excited  excimer  laser. 

III.  Discussion  and  analysis 

To  simply  our  formulas  obtained  in  previous  section:  let  D2  =  0 ,  we  get  from  eq.(16): 


13.  Shenggang  Liu,  et  al,  “Theoretical  Study  on  Micro- 
Hollow  Cathode  Discharge”. 


Theoretical  Study  on  Micro-Hollow  Cathode  Discharge 
( First  Draft) 


1. Introduction 

The  Micro-Hollow  Cathode  Discharge(MHCD)  is  one  of  the  most  attractive  topics  in 
science  and  technology  for  a  long  time  because  of  its  interesting  characteristics  and  good 
practical/potential  applications.  However,  although  the  experimental  study  has  been 
carried  on  very  well,  the  theoretical  study,  both  the  analytical  as  well  as  the  computer 
simulation,  seems  far  from  enough[l]-[  4  ],  for  the  physical  processes  happened  in 
MHCD  is  very  complicated.  Based  on  the  results  obtained  by  experiments[  1  ]-[3  ],the 
paper  attempts  to  give  a  theoretical  analysis  of  MHCD,  and  on  this  basis  a  modeling  for 
computer  calculation  is  presented  as  well. 

2.  Modeling 

The  following  facts  are  essential  for  the  theoretical  modeling: 

1. The  glow  discharge  occurs  mainly  in  the  region  between  the  hollow  cathode 
surface  and  the  virtual  anode  which  is  actually  the  axis  of  the  structure.  The  discharge 
forms  a  radial  glow; 

2. The  cathode  fall  is  formed  in  the  vicinity  of  the  cathode  surface  of  about  few 
microns; 

3.  The  thermionic  emission  of  cathode  is  of  significant,  since  the  temperature  of 
cathode  is  high  due  to  the  ion  bombardment; 

4. The  Negative  Glow  Discharge  follows  the  cathode  fall  and  lasts  to  the  axis,  the 
virtual  anode.  So  the  negative  glow  occupies  almost  the  entire  space  of  the  cathode 
region; 

5. most  of  the  potential  drop  happens  in  the  cathode  fall,  a  good  potential  well 
forms  between  the  cathode  fall  and  the  axis  ,the  virtual  anode,  that  enable  a  large  number 
of  electrons  oscillating  in  the  potential  well,  these  electrons  are  known  as  the  pendular 
electrons; 

6 There  are  varieties  of  different  kinds  of  ionization  to  support  the  discharge. 

The  pendular  electron  that  exist  in  the  cathode  region  play  very  important  role.  The  large 
number  of  such  electrons  oscillating  between  the  edges  of  opposite  cathode  fall  may 
make  ionization  many  times  on  their  path; 

7.  Besides  the  ionization,  strong  excitation  happens  in  the  cathode  region  due  to 
the  collisions  of  electrons  with  atoms/molecules.  This  excitation  produces  radiation  and 
makes  the  cathode  region  bright; 

8.  A  cylindrical  positive  column  forms  in  the  axis  area  from  anode  to  one  of  the 
cathode  surface  opening  to  the  anode  area.  It  is  a  cylindrical  positive  glow  discharge 
followed  by  a  anode  fall  to  the  anode  as  usual  case.  By  means  of  the  Ambipolar  Diffusion 
process,  a  large  number  of  electrons  come  into  this  area  from  cathode  region  through  the 
opening  cathode  surface.  That  is  the  connection  of  the  two  regions. 

The  above  facts  are  assumed  as  the  basis  of  the  theory  presented  in  the  paper. 

According  to  the  above  facts,  a  modeling  is  proposed  as  it  is  shown  in  Fig.  1. 
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“ddiat  f0r  regl0n  ?•  By  a  Pr°Per  Matching  Condition  on  the  bolder  between  the 
o  regions,  we  are  able  to  work  out  a  complete  theoiy  for  the  entire  MHCD. 


.  .  3.  Theory  for  Regionl 

wi'^mC”^ned  ab°Ve  negative  glow  discharge  in  the  region  Since  the 
bofo  sides  of  the  region  are  open,  and  there  is  electric  field  in  the  z-direction  charged 
particles  flow  through  these  open  sides  hole  is  the  main  loss  of  particles  in  the  relion 
The  recombination  of  charged  particles  on  the  cathode  surface  cm  be  neglected  M  it  is 
shown  m  Fig.2.  Fig.2(a)  is  the  geometry  of  the  MHCD,  and  Fig.l^tepoL^ 

A'  k  b'f0re  “d  *»'  discharge  takes 

Cf  - — — - 

>  loCtfA.)  1  *  LU 

mn-e  ^  is  a  constant,  I#(  *)and  If(x)  is  the  modified  Bessel  function  of  zero  and  first 
At  the  axis  the  potential  is: 

(zj> 

PlaC^  ‘°  fbd ,bc  p0,ential  distribution  is  rather  complicated 
PoLfonlq^uon  ^  i0”  Spac'-charge  *-  «  the 
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In  order  to  simplify  the  solution,  we  assume  that  the  ion  space-charge  is  uniform,  the  we 
can  find: 

V.  /  .  _ 


Where 


1  = 


We  can  also  get  the  electric  field: 


s  -  -  l,(U)cU  }  u 

*  1.  (Kty;  t 

By  using  the  above  equations  we  obtain  the  cathode  fall  potential  drop: 

V  =.  ^  -  I  ( K  p/  i 

<■  /J)  (}> 

Where  A  is  the  thickness  of  the  cathode  fall. 

Now  we  can  calculate  the  electric  potential  in  the  negative  glow  region  that  is  followed 
the  cathode  fall.  Since  in  the  negative  glow  the  space-charge  is  negative,  we  get: 

f  ~  ~T7"  *  t£p-)d/L  3  U) 


_  i<i 


(V 


B.  The  Motion  of  the  pendular  electrons. 

Now  we  can  study  the  motion  of  the  pendular  electrons  in  the  cathode  region.  It  can  be 
seen  from  Fig.  2(  b)  that  a  good  potential  well  ,ay  keep  the  pendular  electrons  oscillate 
with  the  region.  Since  electrons  are  able  to  collide  with  other  particles  many  times  on 
their  oscillating  path,  and  each  time  they  loss  energy  and  get  energy  again  from  the 
electric  field,  the  minimum  time  for  electrons  to  complete  a  round  trip  can  be  found  as: 

T  _  r 

'v,,<  "•  v  2  n  ^  ~  ^  V~  ,  ^ /0^ 

C  t 

Where  vis  the  speed  of  the  electrons  gained  from  the  cathode  fall: 


_  _  Uitir,, 

<c  =  J~ 7 


C.  Charged  Particles’  Balance. 

It  is  assumed  that  the  following  equation  can  be  used  to  calculate  the  balance  of  the 
charged  particles  in  the  negative  glow  discharge^  1  ]-[  4  ]: 


f£>»t  +  Jtc  >VW—  O 
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Whereas  the  Ambipolar  diffusion  coefficient.  And  k  is  the  one  sten  and  t 
ionization  rate  due  to  the  collision  of  electrons  with  neu4 «.  in  fte SSf  P 

integration  of  Eq.cajover  the  whole  region,  we  obtain:  §  Takmg 

^  ]  V  JUT  c,3j 

Here  >^is  the  electron  density.  Let 


*e  =  fcj  ) 


OV 


Equation(  13)  can  be  written  as- 

HA 


-V,  * 


0/ 
i 


0  >l?ar  v 


C  ft) 


Where  is  the  total  number  of  electrons  in  the  region 

Equation  (,r)  is  the  main  equation  describe  the  particles’  balance  in  the  cathode  region. 

C.  Intensity  and  Spectrum  of  the  Radiation. 

tWW  Zt  deal.withuthe  Nation  excited  by  electrons  in  the  cathode  region.  We  assume 
the  cnlh?  reglf0n1there  1S  only  one  SP*'*  of  gas  and  the  radiation  is  mSnly  excited  by 

collisions  of  electrons  with  atoms  may  excite  atoms  at  ground  state  up  to  j 
state,  the  number  is:<  where  K.is  the  density  of  the  atoms;  P  J 

2  .  The  collisions  of  electrons  with  atoms  at  lower  state  k  to  state  j  .  the  number  is-<  .«  „ 

radiation  °°n‘baUlstlc  colbsions  of  atoms  at  higher  state  I  and  other  particles  result  in  *  * 
radiation  to  lower  state  j ,  the  number  is:  *  .  So  in  unite  time,  unite  volume  we  W 
followmg  number  of  atoms  at  j  state:  *  H  e  volume  we  have 

period  of  time  end  the  seme  ^otame  we  &ve!h>loss  ifihe  atoms  at 

i?' ^!P°”ta?e<;usra¥atio”fronljs“' » the  ground  state,  the  number  is:  A,  h-  . 

fa  aJump 

r  resuh “s  °f 

^?0f  Sir  .irz iw?  Wcks  °?  1 —  »- 


-  - —  — j  omit  wiui  uuicr  paruCK 

change  of  their  state,  the  number  is:  N*  M.  « 

Therefore,  the  total  balance  of  the  atoms  at  j  state  gives: 

+S;  -4*  *  U 

*J  *  «  J  ,/ 


•f  *Y  M 


r/s; 
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'  '  r  '  \  ' 

J  ~  0  \  V  L  |  >  i>  -  (j  s  *  j  1 C 

Where  j  is  the  current  of  the  cathode  thermionic  emission,  and 

It  is  obvious  that  when  D=0 ,  G=0  and  :  *  4),  we  have 


(  IfJ 

C  20) 


*  -  Jcc  ( ,+  T.-  >  cif' 

By  using  the  potential  function  we  can  calculate  the  ion  density  in  the  cathode  fall 
region. 


4.  Theory  of  MHCD 

Before  move  on  to  the  theory  of  MHCD,  we  first  deal  with  the  physical  processes 
happened  in  region  II,  the  positive  column  region,  the  anode  region.  We  assume  that 
from  the  open  hole  of  the  cathode,  the  surface  S,,  to  the  anode  there  is  the  positive  glow 
discharge  and  followed  by  the  anode  fall.  Then  by  using  a  proper  matching  condition  on 
the  boarder  of  the  region  I  and  region  E,  we  are  able  to  work  out  the  theory  of  the  entire 
MHCD. 

Assume  that  Eq.(/*)  can  be  used  also  for  the  region  n,  the  positive  glow  discharge 
occurs  in  the  anode  region.^  Similar  to  that  in  section  3,  we  get: 

g.  t  yc-f-  (jCUZdZ  t 

Where:  ?T«  =  jJCP-)  *  U~"X 

And  is  the  electron  density  in  this  region: 

N  is  the  total  number  of  electrons  m  region  II:  v 


The  physical  meaning  of  Eq.(2<h )  is  that  the  particles  loss  in  the  anode  region  is 
compensated  by  the  flux  flowing  from  the  cathode  region  through  the  surface  S  into  the 
region  H  * 

Equations  (tr)  and  (»*)  are  two  important  equations  describing  the  physical  processes 
and  the  particles  balance  in  MHCD. 

The  matching  condition  on  the  boarder  between  the  two  regions  is: 

Solving  equation  ( if),  equation  ( 14-)  and  equation  Cy),  we  will  be  able  to  get  the 
information  of  the  MHCD. 


^V; 

(W 


5.  Modeling  for  Computer  Calculation 
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For  a  low  pressure  and  pure  gas  filling  case,  we  can  assume  that: 

.  .  .  „  .  -  Aio  r  h  ■>?  n.  vt  *•  ) 

And  the  £  is  negligible.  Then  we  get:  *  '  £ '  J 

2r  r  *j . 


n&j 


Eq.(  i|)  means  that  only  the  collisions  of  the  atoms  of  one  specie  and  electrons  are 
equation^  mtensity  of  ^  radiation  can  be  calculated  by  the  following 

V  £4ll;Vu  «v 

Here  the  h  is  the  Plank  constantand^.is  the  radiation  frequency.  Since  < -should  be- 

oc.  *r  is  ' 

J  %  tw  U  **  fio; 


fio; 


Si^diSrUti°D  fbl'ti10n  °f  eIectrons’  °ii  is  tbe  differential  cross-section  of 
collision,  l  is  the  energy  of  electrons  and  t-  is  the  energy  required  for  excitine  atoms  to 
j  state  from  ground  state.  Aspme  that  {(  i  )  is  Maxwellian  distribution  function- 

m  >+Vxj*tT ^rvvc-^u) 

Boltzmann  constant  Although  the  equilibrium  state  may  not  be 
realistic.  Thus  we  can  obtain  the  following  equation:  r  L*j  )  | 

“  /•?->■  *  ^  C  4  ^  U  Are  , 

Where  J Js  the  value  that  makes  maximum,  and 

J 

D.  The  Current  Density  of  MHC. 

The  toml  current  of  MHC  consists  of  four  parts:  the  cathode  emission  due  to  the  ion 
mbardment;  the  cathode  current  due  to  the  bombardment  of  photons  from  the  cathode 
dark  region;  the  cadrode  current  due  to  the  bombardment  of  photons  from  the  negative 

*“  cahode  «**■  current  I,  should  be  noticed 

“  “0,h'r  °f  M““>» 

=  r,< i;t  ■*  +1^0  *  J*j  •+■  i*c  ( 

r^TtJi^and  Jf'-  J00  CUITTt  density  311(1  electron  current  density  at  cathode  surface, 
__!L. h  ,y‘  nf.  afd  \  1S  *e  number  of  photons  generated  in  cathode  dark  and 

STS IT °n*  fe$peCtively’  Ae  OTerSy  of  the  photons  should  be  larger 
than  the  work  function  of  the  cathode,  fj  and  L  is  the  percentage  of  the  related 

S?  ,atfOmbarftJ'“th0deSUrfaCe-  Th'^an<l  l  is  the  second  emission 
coefficient  of  ion  and  photon.  Then  we  get:  f 


C21) 


Civ 
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A.  According  to  the  theory  and  formulations  given  above,  we  can  work  out  the 

modeling  for  computer  calculation  of  the  MHCD.  The  working  eouations  are  , 

And  the  Matching  condition  is:  .  g  equatlons  are  C  /h>,  , 

The  cathode  current  density  can  be  used  as  an  initial  condtiom 

!:H  ^  +  ' 


Jit 


i 

The  following  parameters  are  known: ^ 

For  stanmg  the  calculation,  the  initial  function  of  g(R)  and  g(R)  can  be  given 
approximately,  for  example,  we  can  use: 


(  2/y 


gc M  - 


K 


te  dSg=Xbs  ptf a,ed  ^  COmpU“r  10  SOlVe  b0“d^  I"*®  bdb» 

B  The  spectrum  and  the  intensity  of  the  radiation  in  both  regionl  and  region  II  mav  be 
calculated  by  ustng  equatio.*,, )  and  eqturion  provided  the  parameS^ 


6.  Discussion  and  Conclusion 

Die  most  interesting  and  important  features  of  MHCD  are:  1.  The  negative  elow 
discharge  dominates  the  cathode  region;  2.  The  pendular  electrons  that  exist  in  the  ' 
cathode  region  play  very  important  role ,  and  3.  The  thermionic  emission  of  cathode  is 

hi  oX  tn  w  TCC  tthet}empei?ture  of  cathode  ^  high  enough  due  to  ion  bombardment 

MHrn  i  r  0  &eCS  &at  can  reflect  ^  essential  facts,  we  split  the 
MHCD  into  two  regions.  The  working  equation  for  each  region  has  been  formulated 

C°jftIOn  °n  **  boarder  between  the  two  regions  is  presented. 
Solving  the  two  working  equations  with  the  boundary  condition  and  the  cathode  current 
ensity  as  the  initial  condition,  we  can  get  the  information  of  the  discharge  The 

W  *1™  f°r  Ca!Cul,atl0n  ofthe  spectrum  and  intensity  of  the  radiation  in  both  regions 
have  also  given  in  the  paper.  s 
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15.  Shenggang  Liu,  “Higher  Education  in  P.  R.  China,” 
presentation  to  graduate  students  and  faculty  in  the 
Electrical  and  Computer  Engineering  Department  of 
ODU  (viewgraphs). 


1 .  Introduction 

2.  Institutions  of  Higher  Learning 

a.  Category 

•  Comprehensive  University 

•  University  of  Science  and  Technology 

•  Normal  University 

•  Medical  University 

•  Agriculture  University 

•  TV  University  and  others 

b.  Affiliation 

•  Central  government  affiliation 

•  Local  Government  Affiliation 

•  Private  (very  few) 

•  TV  universities 

c.  Key  University 

Among  1060  universities,  there  are  about  60  are 
National  Key  Universities. 

d.  21 1  National  Project 

In  order  to  meet  the  needs  in  the  next  century,  Chinese 
government  decided  to  pay  more  attention  to  some  national 
key  universities  (about  100).  UESTC  has  been  included  in 
the  project. 


Higher  Education  in  P.R.China 


i 

Prof.  Liu  Shenggang 

(University  of  Electronic  Science  and 
Technology  of  China) 

Academician,  Chinese  Academy  of  Sciences 
Distinguished  visiting  professor  of  ODU  and  CWM 
E-mail:  liusg@uestc.edu.cn 

Abstract 

The  historical  and  recent  situations  of  the 
Higher  Education  in  P.R.China  are  reported  in 
the  talk,  it  consists  of  the  following  1 0  sections. 


peW  in  ODU  f*r 


4.  Students 

a.  Admittance,  Entrance  Examinations, 

•  National  wide  entrance  examination 

•  Time 

•  Courses  to  be  taken 

•  Percent  to  be  admitted 

•  Similar  entrance  examinations  for  graduate  students 
of  both  doctor  and  master  degree  admission 

b.  Tuition  Fee 

About  2,000.00  to  3,500.00  Yuan  per  year  for  under¬ 
graduate  students 

Some  stipends  are  given  to  graduate  students  monthly. 

c.  Scholarships 

A  number  of  different  scholarships  are  available  for 
outstanding  students,  some  of  them  are  for  students 
from  poor  families. 

d.  Awards 

A  number  of  awards  are  for  outstanding  students,  the 
competition  is  very  strong. 

e.  Students’  association 

Students  have  their  own  organization: 

•  University  association 

•  Department  association 

•  Class  Sub  division 

f.  Foreign  students 


3. Faculty  and  Stuff  Members 

a.  Faculty  Members 

It  is  required  that  the  standard  ratio  of  the  number  of 
teachers  to  that  of  students  is  1 : 1 1 . 

The  rank  system  of  faculty  member  is  professor, 
associate  professor,  lecturer  and  assistant  professor. 

b.  Stuff  Members 

It  is  required  that  the  total  number  of  stuffs  should  be 
less  than  that  of  the  faculty  members. 

c.  Colleges,  Departments  and  Specialties. 

Each  one  of  faculty  members  should  work  in  a 
college  or  a  department. 

d.  Foreign  teachers 

Some  universities  invite  foreign  experts  and  teachers 
to  give  courses  for  short  or  long  terms. 


7.  Research  Activities 

a.  Funding  Resources: 

•  National  Science  Foundation 

•  Foundation  from  different  ministries  and  from  local 
governments 

•  enterprises 

b.  Research  Institutes 

Research  institutes  exist  in  some  key  universities. 

c.  National  Labs 

Some  National  Labs  are  established  in  some  key 
universities. 

d.  Research  Centers 

e.  Publications 

Some  good  universities  may  have  their  own  Journals. 
Faculty  members  and  students  can  publish  their  papers  in 
these  journals. 


Some  universities  in  China  may  admit  foreign 
students  both  for  undergraduate  and  graduate  students. 
In  general,  free  accommodation  is  provided  for  foreign 
students. 
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5.  Degree  Systems 

a.  Doctors:  doctor  for  Science,  Engineering  and 
Humanity  Science,  respectively. 

b.  Masters:  the  same  as  that  for  doctors 

c.  Bachelor 

d.  Associate. 


6.  Teaching, 

a.  Credit  System,  it  is  really  a  mixed  one. 
Semester  (two  per  year)  and  credit  system. 

b.  Regular  and  optional  courses,  about  10-20 
percent  of  total  courses  are  optional  by  students. 

c.  Laboratory  works:  Regular  and  free  works  in 
labs. 

d.  Out  Class  and  Social  Activities:  quite  a  lot  of 
interesting  out  class  and  social  activities  are 
organized  for  students. 


encourage  themselves  constantly  and  gain  new 
by  themselves,  while  any  new  knowledge  may 
sooner  or  later,  as  science  and  technology  are 
so  rapidly. 


knowledge 
out  of  date 
developing 


To  conclude  my  talk,  I  would  say  that  education  is  a 
lifelong  issue. 


11.  Shenggang  Liu  and  Robert  J.  Barker,  “Electromagnetic 
Wave  Field  Excited  by  a  Single  Moving  Charged  Particle 
in  Plasma”. 


Electromagnetic  Wave  Field  Excited  by  a  Single  Moving 
Charged  particle  in  Plasma" 


Liu  Shenggang  "  R.J.Barker**» 

Abstract-The  electromagnetic  wave  field  excited  by  a  single  moving  charged  particle  in 
plasma  is  studied.  It  shows  that  there  is  no  Cherenkov  radiation  wave  but  decay  wave  in 
plasma,  both  free  plasma  and  magnetized  plasma.  Besides,  the  deflect  coefficient  for  the 

.2  CO2 

wave,  (n  =  e3  =  1  -  is  the  same  for  both  free  plasma  and  magnetized  plasma.  The 

main  important  conclusion  shows  that  the  plasma,  both  free  plasma  and  weakly 
magnetized  plasma  can  never  be  considered  as  a  slow  wave  media.  From  the  point  view  of 
physical  concept,  this  conclusion  is  of  significance  for  the  plasma  Cherenkov  maser. 

I.  Introduction 

The  electromagnetic  wave  field  excited  by  a  single  moving  particle  was  studied 
long  ago.  It  was  discovered  that  in  a  dense  media,  (e>l),  we  have  the  Cherenkov  radiation 
wave.  This  kind  of  radiation  now  becomes  more  interesting  because  of  the  applications, 
especially  in  coherent  electromagnetic  wave  generation,  such  as  Cherenkov  maser  and 
Cherenkov  FEL.  Recently,  plasma  microwave  Cherenkov  maser  is  one  of  most  attractive 
figures  in  this  field.  To  study  the  electromagnetic  wave  field  excited  by  a  single  moving 

charged  particle  m  plasma,  therefore,  is  a  basic  research  both  from  the  point  of  view  of 
physics  and  practice. 

This  paper  is  organized  as  follows:  Section  I  is  introduction.  In  section  II,  the 
formulation  of  the  electromagnetic  wave  field  excited  by  a  single  charged  particle  in 
plasma  is  studied.  A  detailed  discussion  is  given  in  section  III.  Section  IV  is  conclusion. 


II.  Formulation  of  the  electromagnetic  field  excited  by  a  single  moving 
charged  particle  in  plasma 

The  electromagnetic  field  excited  by  a  single  moving  charged  particle  in  plasma  is 
studied  in  this  section.  For  an  infinite  plasma  with  an  external  magnetic  field  B  =  B0eI  in 
+z  direction,  if  the  electromagnetic  wave  is  propagating  in  +z  direction  with  propagation 

factor  e,w"n,  we  can  treat  it  by  using  a  cold  fluid  model,  then  the  electric  permittivity 
tensor  of  this  magnetized  plasma  may  be  written  as: 


e  =  e, 


Where: 


-e. 


e2 

0 


0 

0 


(1) 
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15  ,he  electron  plasma  fre1ue"4y.  is  the  electron  cyclotron 

frequency  and  i  is  the  sign  of  imaginary  number.  The  collision  effect  is  neglected. 

The  Maxwell  s  equations  can  be  written  as- 

Vxft  =  e,|(?  E)  +  J  (6) 

and  the  Poisson’s  equation  is: 

V-(e-E)  =  p/s0  (7) 

p  and  J  are  the  space  charge  density  and  current  density  of  particle,  respectively 

equation  for  E,c™beaob.aainend  eakly  maSne<iz'd  ptema  condi‘io"s-  the  »>ve 

1  * 


Where: 


et  dz: 


e0er  dz 


e2  =  ef  +e2 


-  1> 
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Eq.  (8)  becomes: 

1  2  f.  a.-1  e°ejfl0  ^2 


1  dp 


e,  *■  a  CD 

Eq.  (8)  and  (11)  are  basic  equations  for  studying  the  electromagnetic  field  excited  bv 

“d  WClkly  “•“W  Neglecting  the  Sources 

eq™i)  in  leftr8=„cetll  eqUi“'0nS'  ~  “  *  *“  “  lhat  8iven  in  referen“  M 

Assuming  a  single  charged  particle  (electron,  for  example)  is  moving  in  the  plasma 
with  an  uniform  straightforward  velocity  u,  then  we  have:  P 

p  =  e“~5(z  -ut)  (12) 

=  eu~^5(z -ut)  H3) 
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5(z'~Ht&(z'1sut) 


Where  8(x)  is  the  Dirac  Delta  function. 

Making  use  of  the  expansion  expressions  of  the  Delta  function,  we  get: 

P  =  ^Dk»f 


Substituting  equations  (15)  and  (16)  into  eq.  (11)  and  solving  this  wave  equation,  we  can 
get  the  field  expression  ofl^as  follow: 


E  =~ 


r®  *+co 
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Where  k‘,  =  k„  I— . 

\e. 


Making  use  of  the  following  formulas: 

p-oJoOqr)  _  n 

Jo  jj.2  _a2  ^x^kx  -  -jN0(ar) 

J0  ^o(^xr)5(k^ -a:)kxdkx  =— J0(ar) 


A 

We  then  obtain: 

p  -_5_r^-P  at„(i'-uc)  k„  r  r.  ./  \  1/2  1 

■  4E)J.  t  .  (20) 

Where  n 3  =  er.  And  we  can  also  obtain  E,  and  He  in  terms  of  E*. 

III.  Discussion 

1.  For  uniformly  isotropic  media,  we  have:  n"2  =  e.  If  e>l,  the  dense  medium,  eq. 
(20)  shows  the  existence  of  the  Cherenkov  radiation. 

2.  For  free  plasma,  (B0=O),  we  have:  n'3  =e,  =  1-^f  £  1,  then  we  have 

(D 


(  «>JY 

n  P  ^ ~^Yj3J  - 1  < 0,  Eq.  (20) becomes: 


E*=r 

4e, 


rOI£f1)e."(,,.|jk^H;1,[|k((|(n,p!  -i)«r]k„dk„  (21) 
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Eq.  (21)  shows  that  there  is  no  Cherenkov  radiation 

g=.  the  E<1  °  °7X  (20)  (2»  Sh0»  -  we  can 

E‘  -t)"r]Mk,  (22) 

We  only  can  have  decay  wave,  there  is  no  Cherenkov  radiation. 

IV.  Conclusion 


n "  63  "  1  ~  •  We  have  n'J  <  I,  even  n'2  <  0,  when  ©  p  >  © 


is  no  Che  “diatl?  P'“ma'  b0,h  *"  Plasma  “d  Weak'^  ■*» ,  there 

~  S=s  “issr— — >• 

plasma  filling.  ?  aSma  herenkov  device>  lt  1S  necessary  to  have  dielectric  load,  besides  the 
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12.  Shenggang  Liu,  et  al,  “Theory  of  Waveguide  System  for 
Microwave  Plasma  Excited  Excimer  Laser”. 


Theory  of  Waveguide  System  for  Microwave  Plasma  Excited  Excimer  Laser 
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Abstract:  Theory  of  wave  propagation  along  a  rectangular  waveguide  filled  with  an  annular 
plasma  column  in  the  center  is  presented  in  the  paper.  This  waveguide  system  might  be  a  good 
candidate  for  microwave  plasma  excited  excimer  laser. 

I.  Introduction 

Microwave  plasma  excited  excimer  lasers  may  form  a  new  area  of  Microwave  Plasma  Electronics. 
There  are  a  lot  of  advantages  when  the  microwave  plasma  is  used  for  excitation  of  the  excimer  lasers.M 
Variety  of  waveguide  systems  have  been  tested  to  excite  excimer  laser,  cylindrical  and  elliptical 
waveguides,  for  example.  The  rectangular  waveguide  may  another  or  even  better  choice,  for  rectangular 
waveguide  is  a  commonly  used  one,  it  is  very  convenient  to  be  coupled  or  connected  with  the  whole 
waveguide  system  and  with  the  input/output.  The  efficiency  and  the  costs  of  the  excimer  laser  by  means  of 
rectangular  waveguide,  therefore,  should  be  better  than  the  others. 

However,  theoretical  analysis  that  may  be  helpful  and  useful  for  the  design  and  better  understanding 
of  the  rectangular  waveguide  microwave  plasma  excimer  laser  did  not  appear  in  published  papers.  It  is  on 
purpose  to  work  out  a  theory  for  the  rectangular  waveguide  system  for  microwave  plasma  excited  excimer 
laser,  as  shown  in  Fig.l.  A  dielectric  tube  filled  with  plasma  is  in  the  center  of  a  rectangular  waveguide.  RO, 

R1  is  the  inner  and  outer  radius  of  the  tube,  respectively.  s0  ,  eD  and  e  is  the  dielectric  constant  of  the 
vacuum,  dielectric  and  plasma,  respectively.  If  there  is  axial  magnetic  field,  £  p  should  be  a  tensor:  £  p  . 


An  analytical  theory  of  the  waveguide  system  shown  in  Fig.l  has  been  worked  out.  The  dispersion 
equation,  the  field  components  in  the  interaction  (excitation)  region,  (0  <  R  <  R0)  are  calculated.  The 

theory  can  be  used  in  the  design  of  the  excimer  laser.  The  paper  is  organized  as  follows:  section  1  is 
introduction,  section  2,  and  section  3  deel  with  the  theory  of  the  waveguide  without  axial  magnetic  field 
( B0  =  0 ).  in  section  4  ,the  theory  with  the  axial  magnetic  field  taken  into  consideration  is  given.  The 
numerical  calculation  is  given  in  section  5,  and  the  section  6  is  conclusion. 

IL  Theory  of  Rectangular  waveguide  system  for  microwave  plasma  excitation  of  excimer  laser 
(without  magnetic  field) 

Theoretical  study  of  the  rectangular  waveguide  system  shown  in  Figl  is  presented  in  this  section.  At 
moment  we  assume  that  there  is  as  magnetic  field  B0  =  0  then  in  the  plasma,  as  well  as  that  in  vacuum 

region,  the  TE  made  and  TM  mode  are  independent. 

In  the  vacuum  region  of  the  waveguide,  i.e.  the  region  outside  the  dielectric  tube,  we  have: 
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for  TM  modes. 

In  the  dielectric  tube  region,  including  the  plasma  region,  the  field  components  should  be  expressed  in 
cylindrical  coordinate  system  ( r,0,z ).  Then,  within  the  dielectric  tube  wall,  we  have:  (R0  <r  <R}) 

Er  =  ~j~[Ai^,{pr)+  A2N e{pr^s\nl(p 

Ey  =  -jop[AlJt  (pr)+A2Nt  (/?r)]cos/<p 

E  =0 
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Hr=—  p\ax Jt{pr)+  A2 Nt  (pr )]cos l<p  (3) 
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for  TM  modes.  Where 

In  the  plasma  region,  ( 0  <  R  <  R0 ),  we  have: 

=-JaPpD]Jl'(ppr) 
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for  TE  mode,  and 


for  TM  modes,  where: 
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The  boundary  conditions  are  as  follows: 


r  =  /?,: 


r  =  R0: 
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H<p"  =  H9w 

(10b) 

For  excimer  laser  application,  we  only  need  to  study  the  TM  modes,  similar  approach  can  be  used  for 
TE  modes.  The  by  using  e.q.  (2).(4)  and  e.q.  (7),  we  get: 

*2  ~T  +  TT  sin(£ cos^)sin(/f  sin(z>)=  —[B]J0(pR] )  +  B0N0(pR{)]  (11) 
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=P[v.G’*,)+sXC’*1)] 

P[B\Jo(pRq)  +  Bj^oipRo)] =  PpQJoiPpRo)  (13) 


P  [-®1^o(p^o)+  ^2^0  (p^o)]"  D2J0{ppRq) 

€D  €p 

After  straightforward  mathematics  manipulations,  we  obtain  the  dispersion  equation: 

2K+ir)f  ■ •'.fcV.M-  s,  Cp«,  )+  ^-  at„  (p«, ) 

Z?Xa  b  J2s  sDl  £, 

where: 


3 


,-y. 


b2  _  £p 

5,  r  n 


Jo{prRo\jo{PpR<))-  P  Jo(pRo Vo  (p,,^) 


f  n,{p,«,K(pfK,)-  p!  y„G>,*,K(p,<o) 


The  field  within  the  plasma  can  also  be  found: 


P2 

A=3  — 

£d 


Jo(pRo)+  -g  NotpRo) 


Pp  r( 


2  Jo\PpRo) 


H 

Substituting  of  eq.  (16)-(18)  into  (7),  we  obtain  the  most  important  field  component:  E.  in  the  plasma 
region:  ‘  r 


Ey  =  B,p‘ 


O, 


Jo\PPK. 


Jo{ppr) 


v  fJ  V  / 

If  we  neglect  the  influence  of  the  dielectric  wall  of  the  tube,  the  dispersion  equation  reduced  to: 


+  b )  )“  PpD 2  Jo  (P]Rq )  (20) 

where: 

It  can  be  seen  that  since  the  Bessel  function  Js  (x)  is  a  converging  function,  so  it  may  just  take  few  terms 
for  m,  n,  and  s.  Note,  that  K  and  K '  also  are  dependent  on  m  and  n,  respectively. 

II.  Theory  of  magnetized  plasma  filling 

Now  we  can  study  the  case  where  an  axial  magnetic  field  B0  exists.  In  the  magnetized  plasma  filling 
case,  the  dielectric  constant  £  becomes  a  tensor:  ^  ^ 

£,  -S2  O' 

£p  =  S7  £,  0  (22) 

0  0  £3 


where: 


r  f'O-yri 

'  (r-ytf-H 

*  -  Ml 

2  (1  -jSf-T2 

E2 

e>=\-  * 


1-jS 
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(24) 


tope  is  the  plasma  frequency,  G)ce  is  the  cyclotron  frequency,  yeff  is  the  effective  collision  frequency. 

In  this  case,  the  TE  and  TM  mode  are  always  coupled  to  give  hybrid  modes.  Therefore,  we  have: 

£.  =AlJ0(plr)+A2J0(p2r)  (25) 

H.  =  AfyJ0{p]r)+  A2h2J0{p2r)  (26) 

where  p2  are  two  eigen  values: 

Pi.2  =  |fe*  +  c)±[(fl  +  c)2- 4  (ac  -  bd )] '  2  (27) 

a  =  (-kz2  +k2e)eje, 
b  =  -k.cov0  e2/ex 

c  =  -k2  +k2{s2  +e2)/e,  (28) 

d  =  k:a)£0£2e}/ei 


(fe2£,  ~k.2)—-pt22 

_ £\ 

-o)/jQk.  e2  e] 


A , ,  A2  are  constants 

In  eq.(25),  (26),  we  also  limit  our  study  on  symmetrical  case,  it  is  the  desired  mode  for  excimer  laser. 
By  using  E.  and  H .  we  can  find  all  field  components: 

Er  =^{-jkzKl[A\P\Jo(P\r)+AiP2J*(Piri[+ 

W)+  ^PiJo W)1 

Ef  (P\r)+A2PiJ0 W)]+ 

jco^K2  \a, h,P]J0{pir)+  A2h2p2J0  (p2r)| 

= —  \~(D£0£gkz  [^iA*^o(/7lr)+-^2/,2*^oO?2r)]~ 

JkzK2[AAPiJo  M+A2h2p2J0  for)} 

Hf—-—X-ja)e(l{exK  ~sgkg  {p\f)+ A1p2J6  for)]+ 


where 


By  using  the  boundary  conditions: 


kzkg  [^i^iPi^o  for)+  A2kiPiJ o  0?2r)j} 


D  =  K*  -kg* 

K2  =k2ex  -k:2 

^  =kal 


r  =  R0: 


H,=H9 


We  can  find: 
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(A  ~APo(p^0) 


fa2+0 

s 


(33) 


A=~: 


a2  b2 


(h2-h,)J0(p{R0) 
Then,  the  most  important  field  components  E.  is: 


fa  +0Z^(*Kfa ) 


£  — 


m  n 
~a2+~b2 


(K-X)- 


The  existence  of  axial  magnetic  field  may  be  helpful  for  ionization. 
IV.  Numerical  calculation  (to  be  carried  on) 


^oiPi^-o) 


V.  Conclusion 

Rectangular  waveguide  might  be  a  good  candidate  for  microwave  plasma  excited  excimer  lasers.  A 
theoretical  study  on  a  rectangular  waveguide  filled  with  an  annular  plasma  column  in  the  center  has  been 
worked  out  for  both  unmagnetized  and  magnetized  plasma  filling.  The  dispersion  equations  and  field 
components,  in  particular  the  E.  at  the  plasma  region  where  excimer  laser  excitation  occurs,  have  been 
obtained.  The  theory  may  be  of  significance  for  understanding  and  design  of  a  rectangular  waveguide 
plasma  excimer  laser,  and  the  basis  of  future  theoretical  study  of  the  Microwave  gas  discharge  processes  in 
the  tube  located  in  the  outer  of  the  waveguide. 
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Work  plan  (proposal) 

1 .  Theoretical  and  experimental  study  on  Excitation  (input)  of  Microwave  power  aimed  to  microwave 
the  efficiency;  (for  original  mode  and  proposed  mode) 

2.  Theoiy  of  Microwave  Discharge. 

3.  Theory  of  laser  excitation. 
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